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ABSTRACT 
AN EXPERIMENTAL INVESTIGATION OF THE INFLUENCE OF SAMPLING 
ON THE BEHAVIOR OF INTERMEDIATE SOILS 
FEBRUARY 2018 
WILLIAM LUKAS, B.A. WASHINGTON UNIVERISTY IN ST LOUIS 
B.S. UNIVERSITY OF MASSACHUSETTS AMHERST 
M.S. UNVERSITY OF MASSACHUSETTS AMHERST 
Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Don J. DeGroot 
Laboratory tests were performed in order to determine the effects of tube 
sampling disturbance on intermediate soils. Synthetic soils composed of Kaolin clay and 
silica silt, a reconstituted natural silt, and block sample specimens of a sensitive marine 
clay were tested. Tube sampling disturbance was simulated in a triaxial stress path system 
with bender element using the Ideal Sampling Approach prior to reconsolidation and 
undrained shear. ISA strain cycles of ±0.5, ±1 and ±3% were used to represent 
progressively greater degrees of disturbance. The influence of overconsolidation ratio 
(OCR) was explored by testing at OCRs of 1, 1.8, 3.6 and 7.2. 
Unlike the reference clayey soils, the intermediate soils tested had significant 
losses in effective stress resulting in densification of the specimens during 
reconsolidation. This densification changed the undrained shear behavior from 
contractive to dilative and resulted in underconservative design strengths. Increasing 
OCR decreased this effect on measured shear strength; however design strengths were 
still underconservative. SHANSEP recompression partially recovers the undisturbed 
behavior; however design strengths were still underconservative. Drainage during sample 
vii 
 
of intermediate soils is possible, however there was little difference in post-disturbance 
behavior whether the ISA disturbance was conducted drained or.  In spite of the dramatic 
changes in undrained shear behavior and increased strength due to sample disturbance, 
the intermediate soil specimens experienced relatively small changes in void ratio during 
reconsolidation and would be rated as good to excellent quality using clay-based sample 
quality assessment methods, indicating the need for other methods to assess intermediate 
soils. 
Bender elements were used to measure shear wave velocity during the disturbance 
simulations and to test the efficacy of a shear wave velocity stress state framework. The 
shear wave velocity for the intermediate soils was found to be relatively independent of 
the density, but rather dependent on the stress state and decreased during ISA 
disturbance. Reconsolidation resulted in only a small reduction in void ratio but the 
undrained shear behavior was dramatically different than the undisturbed behavior. The 
large reduction in shear wave velocity due to sampling disturbance may provide a 
foundation for creating a sample quality criterion for intermediate soils.
viii 
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CHAPTER 1 
INTRODUCTION 
Sampling and laboratory testing of natural soils is a fundamental practice of 
geotechnical engineering. Samples must be obtained in order to measure soil properties 
for use in analytical tools to predict their engineering behavior (Davis and Poulos 1967). 
Although a number of geotechnical engineering parameters can be determined using in 
situ tests said tests often have variables which must be calibrated using laboratory testing 
results.  
Sample disturbance is an inevitable result of soil sampling. During the process of 
extracting and transporting a soil mass from the soil to the laboratory for testing 
disturbance will occur due to stress relief and mechanical disturbance of the sample. The 
amount of disturbance which will occur is related to the type of soil being tested and the 
method of sampling. Significant soil disturbance can lead to test results which bear little 
resemblance to the in situ behavior. A key step to determine if the measured behavior is 
representative of the in situ behavior is to assess the soil sample quality. A number of 
methods for the assessment of sample quality for clays have been proposed based on a 
variety of different soil properties.  
Intermediate soils encompass a suite of natural deposits (e.g. sandy clays, silty 
clays, clayey silt, and silty sands) that are frequently encountered on engineering projects 
worldwide. Intermediate soils often violate assumptions inherent to geotechnical 
engineering for the characterization of clays (e.g. undrained response) and sands (e.g. 
drained response). This is due to the fact that intermediate soils often exhibit 
“transitional” behavior, i.e. neither “clay-like” nor “sand-like” but rather a complex 
combination of the two. While there has been extensive research into which sampling 
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methods produce the highest quality samples of clay and sand, there is currently a lack of 
knowledge on the effects of sampling on intermediate soils and the best methods for 
assessing sample disturbance. The goals of this research were to develop a better 
understanding of the response of intermediate soils to the sampling process through 
laboratory simulation of tube sampling and to develop a conceptual framework for 
assessing sample disturbance in intermediate soils.  
Chapter 2 presents the results of an investigation into the effects of undrained tube 
sample disturbance simulation on the recompression and undrained shear behavior for a 
suite of 5 synthetic soils composed of varying amount of Kaolin clay and silica silt. The 
author is the lead author, responsible for writing and organizing the paper, testing, and 
evaluating experimental results. This paper has been submitted to ASCE Journal of 
Geotechnical and Geoenvironmental Engineering. Coauthors on this paper are DeGroot, 
D.J., DeJong, J.T., Krage, C.P., and Zhang, G.  
Chapter 3 presents the results of an investigation into how soil stress history 
changes the effect of undrained sample disturbance simulation on the recompression and 
undrained shear behavior intermediate soils. The author is the lead author, responsible for 
writing and organizing the paper, testing, and evaluating experimental results. This paper 
will be submitted to ASCE Journal of Geotechnical and Geoenvironmental Engineering. 
Coauthors on this paper are expected to be DeGroot, D.J., DeJong J.T. and Zhang, G.. 
Chapter 4 presents the results of an investigation into the efficacy of using a shear 
wave velocity and stress state based framework to assess sample disturbance levels in 
intermediate soils. The author is the second author and was responsible for testing and 
worked with Professor DeGroot, who is the lead author, in evaluating the experimental 
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results, and writing and organizing the paper. This paper will be submitted to the 
Canadian Geotechnical Journal. Coauthors on this paper are expected to be Pandey, S., 
DeJong, J.T., Krage, C.P., and Zhang, G.  
Chapter 5 presents the results of an investigation to compare the impact of drained 
and undrained tube sample disturbance simulation on the undrained shear behavior of 
intermediate soils. The author is the lead author, responsible for writing and organizing 
the paper, testing, and evaluating experimental results. This paper will be submitted to 
Géotechnique Letters. Coauthors on this paper are expected to be DeGroot, D.J. and 
DeJong J.T.   
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CHAPTER 2 
 UNDRAINED SHEAR BEHAVIOR OF LOW-PLASTICITY 
INTERMEDIATE SOILS UNDER SIMULATED TUBE SAMPLING 
DISTURBANCE 
This paper presents a laboratory investigation of the influence of simulated tube 
sampling disturbance on lightly overconsolidated intermediate soils by varying their 
plasticity and degree of sampling disturbance. Samples consisting of varying proportions 
of kaolin and silica silt to result in five plasticity indices of non-plastic, 4, 9, 16 and 34% 
were mixed as a slurry and then consolidated to the pre-designed overconsolidation ratios 
(OCRs). All specimens were tested in a stress-path triaxial cell using the ideal sampling 
approach (ISA) that involved applying undrained shearing with strain cycles of ±0.5%, 
±1.0%, and ±3.0% corresponding to three different degrees of tube sampling disturbance. 
The collective results show systematic trends in the response of the soils with decreasing 
plasticity to the induced ISA disturbance. At the same degree of ISA disturbance, not 
only does the subsequently measured undrained shear strength for the low plasticity soils 
increase when compared with the reference undisturbed specimen, but the percent change 
increases with decreasing plasticity. This is significantly different from the reported 
findings on ISA testing of clays indicating that intermediate soils and clays can have 
contrastingly different response to sample disturbance and hence the understanding of 
their different behavior is of importance to geotechnical engineering practice. 
2.1 Introduction 
Significant research has been conducted on soil sampling and the effects of 
sample disturbance on various soft clays, such as Canadian Champlain Sea Clay 
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(Lefebvre and Poulin 1979; La Rochelle et al. 1981), Scottish Bothkennar clay (Hight et 
al. 1992), Japanese clays (Tanaka et al. 1996), Norwegian clays (Lunne et al. 1997, 
2006), and resedimented clays (Santagata and Germaine 2002, 2005), among others. 
These studies all concluded that for structured natural clays, increasing the degree of 
sample disturbance consistently results in a decrease in preconsolidation stress, initial 
stiffness, and undrained shear strength (su). Significant disturbance can even lead to test 
results that bear little resemblance to the in-situ behavior (Tanaka et al. 1996; Lunne et al. 
2006). Because of these significant effects, various methods have been developed to 
assess the quality of clay samples, such as simple visual inspection (Hvorslev 1949), X-
ray radiography (Ladd and DeGroot 2003), reconsolidation strains (Terzaghi et al. 1996; 
Lunne et al. 2006), suction/residual effective stress (Ladd and Lambe 1963; Poirier and 
DeGroot 2010), shear wave velocity (Hight 1998; Shiwakoti et al. 2000, Landon et al. 
2007), and combined shear wave and suction measurements (Donohue and Long 2010). 
The reconsolidation strain methods are attractive as these values can be determined from 
the standard one-dimensional (1-D) consolidation tests either performed in an oedometer 
or a triaxial cell, but without the need of additional testing or equipment. The Specimen 
Quality Designation (SQD) proposed by Terzaghi et al. (1996), which is based on 
Andresen and Kolstad (1979), rates specimen quality using the laboratory-measured 
volumetric strain εvol at the estimated in-situ vertical effective stress, σ′v0, and is mainly 
applicable for clays with OCR less than about 3 to 5. Lunne et al. (1997, 2006) modified 
the Andresen and Kolstad (1979) method to rate sample quality based on the normalized 
change in void ratio, Δe/e0, at σ′v0 and provides separate ratings for OCR 1 to 2 and OCR 
2 to 4. 
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Much less is known about the effects of sample disturbance on the engineering 
behavior of low-plasticity intermediate soils such as silts, clayey silts, and sandy silts as 
well as what methods should be used to collect high-quality samples in these materials. 
Furthermore, no quantitative approach has yet been developed to assess the quality of 
intermediate soil samples. Limited research in the literature suggests that densification 
due to drainage during sampling of some intermediate soils results in a change from 
contractive to dilative shear behavior and a significant increase in the undrained shear 
strength su. Fleming and Duncan (1990) studied low-plasticity index (PI) Alaskan silts 
using reconstituted samples in unconsolidated and consolidated conditions prior to being 
disturbed by thoroughly kneading samples within a rubber membrane, followed by either 
reshearing or reconsolidating-reshearing. Disturbance to the unconsolidated undrained 
triaxial specimen resulted in an averaged decrease of 37% in su, while for the 
consolidated counterpart the su increased by 25 to 40% due to the decrease in volume or 
accompanying increase in density during reconsolidation. Karlsrud et al. (1996; as 
presented in Lunne et al. 1997) found that for a Norwegian silty clay (37-48 wt.% clay 
content, PI = 13-19%), high-quality Sherbrooke block samples (Lefebvre and Poulin 
1979) showed contractive behavior with significant post-peak strain softening, while low-
quality 54 mm tube samples exhibited dilative behavior with no strain softening. Such a 
difference was attributed to the increased sample disturbance resulting in significantly 
different reconsolidation strains (e.g., 1% for the block sample, while 3.1% for the tube 
sample). Hoeg et al. (2000) found that undisturbed samples of a Swedish silt exhibited 
dilative triaxial compression behavior while specimens reconstituted to the same void 
ratio and initial stress state using both moist tamping and water pluviation methods were 
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generally contractive. Long (2001) found that for an Irish silt, deemed very loose based 
on in-situ piezocone testing, behaved like a dense material, implying that densification 
had occurred during sampling. Sandven (2003) noted that relatively loose and normally 
consolidated Norwegian silts densified during the sampling process.  Long (2006) 
sampled a laminated Irish silty clay (25-35% clay content, PI = 12-18%) using four 
different samplers: the Sherbrooke block sampler, 100 mm diameter fixed piston ELE 
samplers with 5° and 30° cutting edges, and a MOSTAP® 65 mm diameter continuous 
sampler that was expected to produce highly disturbed specimens. Results showed that 
post-peak strain softening decreased with increasing sample disturbance. The tendency to 
dilate increased with increasing sample disturbance which corresponds to an increase in 
the measured su. Experimental simulation of sample disturbance for the block samples 
using the Ideal Sampling Approach (ISA, discussed below, Baligh et al. 1987) with 
strains of ±1%, ±1.48%, and ±2.38% and varying the rate of insertion of the tubes found 
little effect on the behavior of the high-quality soils. It was concluded that densification 
due to drainage of the siltier laminations in the samples, rather than destructuration due to 
sample disturbance, was responsible for the dilative behavior. Long (2007) also used the 
four different sampling techniques to sample Irish silts and found that the density (ρ) and 
water content (w) measurements showed densification of the silts caused by sampling. 
Long et al. (2010) again sampled a Norwegian glaciomarine silt using two different types 
of 54 mm fixed piston sampling tubes: lower area ratio (AR) steel and higher AR 
composite (AR is the ratio of the cross-sectional area of the sampler that is solid (i.e., 
metal or plastic) to that of the inside of the cutting shoe). As expected the higher AR 
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composite samples tended to have slightly higher ρ and slightly lower w, although there 
was considerable scatter. 
Carroll (2013) found that a loose to very loose non-plastic (PI = 0) Irish silt 
sampled using thick-walled, blunt angled British U100 sampling tubes, which are known 
to produce poor-quality samples in clays (e.g., Hight and Leroueil 2003), produced very 
good to excellent quality sample rating using the Lunne et al. (2006) clay based sample 
quality criteria. Both undisturbed block samples and reconstituted samples were 
subjected to simulated sampling disturbance using the ISA approach, resulting in an 
increase in su and stiffness with increasing sample disturbance. The undisturbed and 
±0.5%-disturbed specimens exhibited an “S”-shaped effective stress path of initial 
contractive followed by dilative behavior, indicating a looser initial state, while the 
±1.0% and ±3.0%-disturbed specimens showed dilative behavior immediately, indicating 
a denser initial state. It was concluded that the low Δe/e0 values of the intact specimens 
resulted from densification of the silt due to sampling disturbance and that the resultant 
measured shear behavior was markedly different than the likely in situ behavior and 
would produce unconservative design parameters. 
This paper presents a parametric laboratory study into the effects of simulated 
sampling disturbance on a suite of low OCR synthetic intermediate soils. The overall 
objective is to develop a deeper understanding of the fundamental response of 
intermediate soils during tube sampling with varying plasticity and amount of sampling 
disturbance. Experimental sample disturbance simulation was performed using single 
element undrained triaxial compression testing with the Ideal Sampling Approach (Baligh 
et al. 1987). Partial results were presented by Lukas et al. (2017). 
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2.2 Perfect and Ideal Sampling 
Two models of sample disturbance have been proposed in order to better study 
sample disturbance in the laboratory: the Perfect Sampling Approach (PSA) (Ladd and 
Lambe 1963; Skempton and Sowa 1963) and the Ideal Sampling Approach (Baligh et al. 
1987). The former, PSA, is defined as the undrained release of the in situ shear (deviator) 
stresses on a soil element to an isotropic stress state. This is a necessary and unavoidable 
process of taking a soil sample from the in situ setting to an unconfined condition (i.e., a 
hydrostatic stress state) in the laboratory and is conceptually considered to be the least 
possible amount of disturbance during sampling. For low-OCR soils the PSA always 
results in a reduction in the mean effective stress, and Hight (2003) found that the loss of 
mean effective stress during the PSA increases with decreasing PI. 
Using Baligh's (1985) strain path method Baligh et al. (1987) developed the Ideal 
Sampling Approach (ISA) as a framework for simulating numerically the processes of 
sample tube penetration into a saturated clay. The sample tube geometry consisted of a 
curved tip and a slight reduction of the inner diameter. It was found that a centerline 
element of soil initially beneath the sampler undergoes one compression-extension-
compression vertical strain cycle during sampler penetration. This can be simulated in the 
laboratory using a triaxial cell by subjecting a soil specimen to increasing compressive 
strains to εzz(max) ahead of the sampler, an extension strain to -εzz(max) once the soil has 
entered the sampler, and an unloading back to 0% vertical strain as the soil moves farther 
into the sampler (Figure 2.1). After this strain cycle, the deviator stress is then removed 
undrained to complete the ISA simulation. It does not take into account other causes or 
processes of disturbance such as operator-based and transportation and storage 
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disturbance, hence it is the “ideal” sampling approach. The magnitude of εzz(max) is 
determined by the ratio of the sampler diameter to the sampler wall thickness (B/t) which 
is inversely related to εzz(max), meaning that a larger diameter or thinner walled sampler 
will result in less disturbance. As the B/t approaches infinity, which is comparable to a 
block sampler, εzz(max) approaches zero, and the ISA consists solely of undrained removal 
of the deviator stress, i.e., PSA. Figure 2.1 shows that for a B/t ratio of 40, which is 
typical of a Shelby tube [ASTM D1587 (2015)], εzz(max) is approximately 1.0%. Clayton et 
al. (1998) found through analytical and numerical analyses that the geometry of the 
cutting edge and sampling tube can have a significant influence on the peak axial strains 
during ISA, the symmetry of the ISA strain cycle, and whether or not there is any residual 
strain in the specimen. Santagata et al. (2006) performed a laboratory investigation using 
resedimented Boston Blue Clay and found that for a given B/t ratio ISA tests tend to show 
less disturbance than a corresponding specimen obtained using a real sampler. 
2.3 Materials and Methods 
2.3.1 Sample Preparation 
Synthetic soil samples of varying PI, permeability, compressibility, and strength 
were prepared in the laboratory by following the general procedures described in Krage 
et al. (2015) using different mixtures of a silt-sized ground silica (US-Sil-Co-Sil 250) and 
a kaolin clay (Old Hickory, No.1 Glaze). The dry mass percentages of silica and clay 
were varied from 100% clay to 98% silt with three additional mixtures in between 
(Figure 2.2); the sample designation used through this paper is as follows: a 70S30K soil 
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indicates the sample consists of 70% silica and 30% kaolin clay by mass). Table 1 
presents a summary of index properties and classification according to the Unified Soil 
Classification System (USCS, ASTM D2487, 2015), of the different mixtures.  
The 70S30K, 50S50K, and 0S100K mixtures have sufficient clay contents to 
enable free-standing specimens. These soil mixtures were mixed at 1.5-2.0 times the 
liquid limit (LL) and allowed to hydrate overnight for equilibrium. The soil slurry was 
then thoroughly mixed under vacuum using a propeller mixing blade in an acrylic 
cylinder of 102 mm in inside diameter and then incrementally 1-D consolidated to a 
stress of up to 200 kPa. After at least one log cycle of secondary compression the 
consolidated soil cake was extruded from the acrylic cylinder, cut in two halves, and 
coated by a layer of a 50-50 mixture of petroleum jelly and paraffin wax and at least 2 
layers of plastic film dipped in the 50-50 mixture prior to storage in a humid room with a 
controlled temperature of 11°C and > 85% relative humidity before subsequent testing.  
The 98S02K and 85S15K samples were prepared individually using a vacuum 
split mold similar to the one described in Wang et al. (2011). The soil was mixed at 2.0-
2.5 times the LL and poured into a split vacuum mold on the triaxial base with the 
membrane already in place. An extension was added to the top of the split mold to 
accommodate more material before consolidation. The specimens were initially allowed 
to self-weight consolidate for one hour or overnight for the 98S02K and 85S15K 
samples, respectively and the standing water on the top of the specimen was removed. 
Two percent kaolin was used for the 98S02K specimens because it enhanced the self-
weight consolidation process whereas a 100% silt mix tended to always have some 
colloidal size particles that remained in suspension. Thereafter the specimens were 
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incrementally consolidated overnight to 45 kPa under deadweights. The specimens were 
then unloaded, the top cap and membrane sealed using O-rings, and a vacuum of 30 kPa 
applied for 1 hour or overnight for the 98S02K and 85S15K specimens, respectively, 
prior to the removal of the split mold. The specimen dimensions were measured, the 
triaxial cells assembled, and setup in the load frame while the specimen was still under 
vacuum. The vacuum was not released until the triaxial chamber was filled with 5 cS 
silicon oil and a seating cell pressure of 30 kPa was applied. Both methods of preparation 
were shown to produce consistent specimens based on essentially identical water content 
and grain size distribution results obtained from tests performed on multiple subsamples 
collected over the full vertical length of the prepared specimen, indicating that little or no 
particle segregation occurred during mixing and consolidation. Furthermore, repeatable 
undrained triaxial compression behavior was obtained from replicate tests performed on 
the same samples, as presented in the results section. 
2.3.2 Triaxial Testing 
The 35.6 mm diameter by 71.2 mm tall triaxial specimens were tested using a 
GeoTac stress path triaxial testing system consisting of a load frame, two flow pumps, 
and TruePathTM control and data acquisition software. Internal load cells were used for all 
tests and stress measurements were corrected for membrane resistance and changes in 
specimen area (Berre 1982, Germaine and Ladd 1988, ASTM D4767, 2015). After 
mounting in the triaxial cell, the specimens were backpressured at 300 kPa to reach a 
Skempton B value of > 0.95 within 5 minutes upon the increase in cell pressure of 50 
kPa. One of the specimens for each mixture sample was K0-consolidated using the 
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approach of Menzies (1988) to 400 kPa and then unloaded using the controlled stress 
path approach to 222 kPa to reach an OCR = 1.8, prior to undrained shear in compression 
loading (i.e., increasing vertical stress σv at constant horizontal stress σh). These reference 
CK0UC tests are denoted as “undisturbed” to represent the in situ behavior of the soils. 
Preliminary K0 consolidation tests performed on the 98S02K specimens did not yield 
realistic K0 values, likely due to the relatively high stiffness and very low volumetric 
consolidation strains of these specimens. Therefore all subsequent 98S02K specimens 
were anisotropically consolidated with controlled stress path to K0 values estimated using 
the measured triaxial compression effective stress friction angle at maximum obliquity 
(ϕ'mo) and the Mesri and Hayat (1993) relationship among K0, ϕ'mo and OCR. 
Table 2.2 presents the normally consolidated and OCR = 1.8 K0 values. All 
subsequent ISA and triaxial unloading extension (CAUE, i.e., decreasing σv at a constant 
σh) specimens were anisotropically consolidated using the Table 2.2 K0 values. 
Specimens were allowed to creep for at approximately 24 hours at 400 and 222 kPa prior 
to unloading and undrained shear or ISA testing, respectively. ISA undrained shearing 
was performed under a strain-controlled mode with the peak ISA strains of ±0.5%, 
±1.0%, and ±3.0% representing different levels of tube sampling disturbance. Following 
the ISA strain cycle the deviator stress was released by undrained-unloading the 
specimens to an isotropic state (i.e., decreasing σv at constant σh until σv ≈ σh). After 
removal of the deviator stress, the pore pressure was treated as the new backpressure, and 
the specimens were anisotropically reconsolidated from their post-ISA stress state back to 
the pre-ISA vertical effective stress of 222 kPa and the OCR = 1.8 K0 value before final 
undrained shearing. This post-ISA reconsolidation procedure simulates the 
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Recompression method (Bjerrum 1973, Ladd and DeGroot 2003) for which laboratory 
consolidated shear tests are reconsolidated to the estimated in situ effective stress state 
prior to shear. Axial strain rates of 0.2%/hr for consolidation loading and 0.05%/hr for 
consolidation unloading were used, except for the 0S100K specimen where rates of 
0.1%/hr and 0.025%/hr were used. All ISA and post-ISA undrained shearing was 
performed at a strain rate of 0.5%/hr. 
2.4 Analysis of Results 
2.4.1 Reference Undisturbed Stress-Strain Behavior 
Figure 2.3 presents the stress-strain, shear-induced pore pressure versus strain, 
and effective stress paths (q = (σv – σh)/2, p' = (σ'v + σ'h)/2) for the five undisturbed 
triaxial compression tests, while Table 2.2 summarizes the undisturbed undrained triaxial 
compression shear parameters of the five synthetic soil samples. With the exception of 
the 98S02K sample, all soils reach a peak shear strength defined as qf = (σv - σh)f/2 
followed by strain softening. There is an increased tendency for strain softening and a 
decrease in the peak failure strain (εf) with decreasing PI, with the 50S50K, 70S30K, and 
85S15K reaching qf at a vertical strain (εv) of less than 1% and the 0S100K specimen 
reaching qf at εv = 5.2%.  The 98S02K specimen exhibited continuous and sustained 
dilative behavior until termination of the test at a 15% strain. The four plastic specimens 
develop positive shear-induced pore pressures (Δu) during the shearing process, i.e., 
contractive behavior, while the 98S02K specimen exhibits small Δu prior to the onset of 
dilatant behavior with the development of a large negative Δu. The end-of-consolidation 
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void ratio (ec) decreases with decreasing PI from the 0S100K specimen to the 70S30K 
specimen and then increases to the 98S02K specimen.  The trend of decreasing then 
increasing ec with increased silt content is similar to that observed in some sand-silt 
mixtures and is attributed to the effects of particle packing (Lade et al. 1998). Such a 
trend in ec is believed to be the cause of the undrained shear strength (su = qf) increasing 
with decreasing PI from 0S100K to 70S30K, dropping slightly for the 85S15K specimen, 
and then increasing again for the 98S02K specimen. This implies a double inflection in 
the undrained behavior of the soil mixtures as the silt content increases and PI therefore 
decreases. No inflections were found for the effective stress friction angle ′mo taken at 
the maximum obliquity (σ′1/σ′3)max = (σ′v/σ′h)max which increases with decreasing PI. 
Selected replicate tests were performed for some of the mixtures and the same results 
were obtained. 
Figure 2.4 presents the stress-strain, shear-induced pore pressure versus strain, 
and effective stress paths for the undrained triaxial extension tests (CAUE) performed on 
specimens of all five soils and Table 2.3 presents a summary of results. The results show 
that the undrained shear strength in extension decreases with decreasing the PI, 
corresponding to the development of a large positive Δu in the two lower PI soils. The 
0S100K specimen, in contrast, develops such a high negative Δu that there is actually a 
slight increase in p′ up to approximately -1% strain. If the triaxial extension tests had 
been stopped at q = 0 the tests would be the first part of the PSA and the results show a 
greater loss in pʹ with decreasing PI  as reported by Hight (2003). 
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2.4.2 ISA Strain Cycling Behavior 
Figures 2.5 to 2.7 present the shear stress versus axial strain, shear-induced pore 
pressure versus axial strain, and effective stress paths for the undisturbed, ±0.5%, ±1.0%, 
and ±3.0% ISA strain cycles for all soils. The nearly identical stress-strain plots during 
the initial shear for each ISA test condition for all five soils further confirmed that the 
sample preparation methods were repeatable. Table 2.4 presents the percentage of 
decrease in the mean effective stress and post-ISA volume change during the anisotropic 
reconsolidation to σ′vc and Kc. 
The rate of development in the shear-induced positive pore pressures, as well as 
the cumulative pore pressure, increases with decreasing PI.  The unloading total stress 
path that follows the initial peak positive ISA strain (i.e., after +0.5%, +1.0%, or +3.0%) 
results in a significant excursion of the effective stress path towards a very low mean 
effective stress p' = (σ'v + σ'h)/2 with the failure envelope from the undisturbed triaxial 
extension tests providing a lower bound during this extension phase of ISA shearing. The 
0S100K and 50S50K specimens at lower ISA strain cycles are capable of developing 
negative shear-induced pore pressures during the extension phase, corresponding to a 
smaller decrease in p', while the 70S30K and 85S15K specimens develop significant 
positive shear-induced pore pressures at the beginning of the extension phase. However, 
the 98S02K specimens develop slightly negative shear-induced pore pressures due to the 
onset of dilative behavior, similar to the 70S30K and 85S15K specimens that also 
develop significant positive shear-induced pore pressures during the extension phase. As 
such, the lower PI soils do not redevelop significant positive shear stress during the 
return from the peak negative strain (i.e. after -0.5%, -1.0%, or -3.0%) to 0%. This loss in 
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p′ is quantified and plotted in Figure 2.8a as a percentage loss in the mean effective stress 
Δp′/p′c where p′c is the mean effective stress at the end of consolidation (after Santagata 
and Germaine 2002). This behavior corresponds to much lower development of shear 
stress (i.e., negative q; Figure 2.5) during the extension phase of the ISA cycles. While the 
results show that the 0S100K soil is relatively resistant to disturbance caused by tube 
sampling strains, it is evident from these plots that the application of simulated tube 
sampling strains results in dramatic changes in the specimen effective stress state for the 
low PI soils.  
2.4.3 Post-ISA Reconsolidation and Undrained Shear Behavior 
As detailed in the Materials and Methods section, upon completion of ISA 
straining, the specimens were reconsolidated to their pre-ISA effective stress state.  Table 
2.4 and Figure 2.8b present the Δe/e0 and SQD quantifications of sample quality for all 
tests. Note that for these tests e0 is taken as the pre-ISA void ratio ec. The post-ISA Δe/e0 
and εvol both increase with increasing the ISA cycle magnitude, as anticipated, but the 
Δe/e0 and εvol values also increase with decreasing PI. As presented above and tabulated 
in Table 2.4, it is evident that the ISA cycling induces a greater loss in p' with decreasing 
PI, resulting in the application of a higher required stress increment during anisotropic 
reconsolidation and thus a greater volume change. Were the tests subject to the same 
consolidation stress increment, it is hypothesized that the higher PI soils would have 
greater Δe/e0 and εvol during reconsolidation (as observed in Krage et al. 2015). This is 
illustrated by comparing Δe/e0 and εvol for the ±3.0% ISA test on 0S100K and the ±1.0% 
ISA test on 50S50K, which both have similar Δp′/p′c values of 37% and 39%, 
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respectively, and hence a similar stress increment during reconsolidation. The 0S100K 
specimen has higher Δe/e0 and εvol (i.e., 0.013 and 0.60%) values than the 50S50K 
specimen (i.e., 0.007 and 0.28%).  
Figures 2.9 and 2.10 present the stress-strain and shear-induced pore pressure 
versus strain plots for all post-ISA undrained triaxial compression tests. Figure 2.11 
presents the effective stress paths for the four plastic soils, while Figure 2.12 presents the 
effective stress paths for the 98S02K specimens. All tests showed a decrease in the initial 
pre-peak stiffness, a decrease in strain-softening response and increases in su and the 
strain to failure εf with increasing the ISA strain. The magnitude of all these changes 
increases with decreasing PI. Although the undrained shear behavior for the highest PI 
soils (0S100K and 50S50K) changes from contraction to mild dilation at ISA strains of 
±3.0%, there is little difference in the measured su. For the lower PI samples (70S30K 
and 85S15K), the dilative behavior resulting from the increased ISA damage is more 
significant, and for the 85S15K specimens it developed after an ISA cycle of only ±1.0%, 
or approximately the strains of disturbance caused by a standard Shelby tube. The ±3.0% 
ISA tests on 0S100K, 50S50K, and 70S30K specimens show no strain-softening and 
develop a slight tendency towards dilative behavior prior to failure. The 85S15K ±1.0% 
and ±3.0% tests show remarkably different behavior than their reference "undisturbed" 
counterpart. In both cases the specimens exhibit a limited initial contractive response, 
followed by significant dilative behavior, especially for the ±3.0% specimen. All 98S02K 
specimens exhibit dilative behavior during shear, and the increased ISA strain usually 
results in a decrease in the initial stiffness and an increase in the larger strain stiffness. 
19 
 
2.5 Discussion 
The above results suggest that the effect of simulated tube sampling disturbance 
on the tested intermediate soils is significantly different from that observed for clays 
(e.g., Siddique et al. 1999, Santagata and Germaine 2002, Santagata and Germaine 2005), 
especially for the 70S30K (PI  = 9) and 85S15K (PI = 4) samples. While there is an 
increase in Δe/e0 as the ISA-imposed strain damage increases from ±0.5% to ±3.0%, all 
specimens nevertheless have one of the top two clay-based Δe/e0 sample quality ratings, 
namely either very good to excellent or fair to good upon reconsolidation to the pre-ISA 
effective stress state. These favorable sample quality ratings are especially significant for 
the ±3.0% ISA tests, given that the imposed strains are well beyond the "undisturbed" 
peak shear strength for all four plastic soils and the subsequently measured undrained 
shear behavior is markedly different, especially for the lower PI soils. The ISA strain 
cycles performed in this study are undrained. However, as noted in the Introduction it is 
believed that drainage can occur during the sampling of some intermediate soils. Such 
drainage would result in a densification of the samples and hence create, presumably, 
even stiffer samples with smaller reconsolidation strains, thus exacerbating the issues 
raised by these results. It should also be reiterated that the ISA method is based on the 
strains experienced by a centerline element, which are smaller than other soil elements 
within the sampler. In fact, Santagata et al. (2006) found that the ISA framework 
underestimates the amount of disturbance due to sampling. These results as well as those 
reported by Carroll (2013) and Krage et al. (2015) further confirm that the Δe/e0 clay-
based sample quality ratings should not be used for the low PI intermediate soils as 
cautioned by Lunne et al. (2006). 
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Also of significant importance is that the simulated tube sampling disturbance for 
the 85S15K (PI = 4) specimens resulted in a complete reversal in the undrained shear 
behavior from contractive for the reference "undisturbed" specimen to highly dilative for 
even the lightly disturbed specimens. Brandon et al. (2006) presented six failure criteria 
for triaxial tests on some low-plasticity silts: peak deviator stress (σ1 – σ3)max, peak 
principal stress ratio (σ′1/σ′3)max, peak pore pressure umax, the intersection of the undrained 
effective stress path with the theoretical drained effective stress path Ā = 0 or Δu = 0, 
reaching the Kf line, and using an arbitrary limiting strain. As shown in Table 2.5, no 
matter which failure criterion is used, the post-ISA qf value for the 85S15K tests is greater 
than the undisturbed qf value by as much as 210%. The only test that reached the Ā = 0 
failure criterion is the ±3.0% ISA test, resulting in a qf = 200 kPa at εf = 12.6%. Without a 
rational method of assessing the degree of disturbance occurring in such soils, it is not 
possible to determine whether the measured behavior is representative of the in situ 
behavior. In this case, with a dilative response for the disturbed specimens, the 
laboratory-measured strength data would be unconservative or unsafe for design 
applications. 
2.6 Summary and Conclusions 
This paper presents a laboratory investigation of the undrained shear behavior of 
synthetic intermediate soils of varying PI subjected to simulated tube sampling 
disturbance. Lightly overconsolidated specimens were tested using the ideal sampling 
approach (ISA) framework in a triaxial stress path cell system. Three levels of axial strain 
cycles consisting of ±0.5%, ±1.0%, and ±3.0% were used to model different degrees of 
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ISA tube sample disturbance. Relative to the reference undisturbed behavior, all ISA tests 
on all five soils showed a decrease in the initial pre-peak stiffness, a decrease in strain-
softening response and increases in su and the strain to failure εf with increasing ISA 
strain (Figures 2.9 to 2.12). The magnitude of all these changes increases with decreasing 
PI. The three PI < 10 samples showed very different response to the simulated tube 
sampling disturbance than that reported in the literature for clays with large decreases in 
the mean stress during ISA straining (Figures 2.7 and 2.8a). The reference undisturbed 
85S15K soil with a PI = 4 exhibited contractive behavior with a distinct peak undrained 
shear strength followed by strain softening (Figure 2.3). However, once subjected to ISA 
disturbance the subsequent undrained shear behavior was completely different, even for 
the smallest level of ±0.5% ISA disturbance (Figure 2.11). The disturbed specimens 
exhibited dilative behavior compared to the contractive behavior for the undisturbed 
specimen and any interpretation of the test results would lead to a larger to much larger 
estimate of the undrained shear strength (Table 2.5). And yet there is no existing 
qualitative framework for evaluating the quality of low PI intermediate soil samples to 
forewarn of such an unsafe scenario. For the samples tested in this experimental program 
even the largest degrees of ISA tube sample disturbance resulted in relatively small 
changes in void ratio upon reconsolidation to pre-ISA disturbance stress states. Certainly 
application of the clay based Δe/e0 sample quality rating system (Lunne et al. 2006) 
would be incorrect and would produce a misleading interpretation of sample quality. 
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Table 2.1: Index properties of synthetic intermediate soil samples 
Soil LL (%) PL (%) PI (%) Fines Content (%) USCS 
0S100K 59 25 34 100 CH 
50S50K 31 15 16 88 CL 
70S30K 24 15 9 83 CL 
85S15K 19 15 4 79 CL-ML 
98S02K 18 NP NP 75 ML 
    Note: LL = liquid limit, PL = plastic limit, NP = Nonplastic, Fines content = % 
< 0.075 mm 
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Table 2.2: Consolidation and undrained shear results from the reference undisturbed 
CK0UC/CAUC tests 
Soil 
'v,max 
'vc 
(kPa) 
K0,NC 
(-) 
Kc (-) 
wc 
(%) 
ec 
(-) 
qf 
(kPa) 
f 
(%)
('1/'3)max 
(-) 
'mo 
(°)
0S100K 409 219 
0.75 
0.83 33 0.919 64 5.2 1.99 19 
50S50K 398 216 
0.59 
0.73 23 0.630 90 0.92 2.60 26 
70S30K 402 219 
0.49 
0.61 20 0.565 108 0.46 3.45 33 
85S15K 405 223 
0.52 
0.61 24 0.671 102 0.48 3.96 36 
98S02K 402 221 
0.36 
0.51 25 0.680 380* 14.4* 4.71 40 
Note: Kc = σ'hc/ σ 'vc, * italics denotes specimen had not reached a peak q; the values 
listed are the final reading 
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Table 2.3: Consolidation and undrained shear results from the reference undisturbed 
CAUE tests 
Soil 
'v,max 
'vc 
(kPa) 
K0,NC 
(-) 
Kc (-) 
wc 
(%) 
ec 
(-) 
qf 
(kPa) 
f 
(%)
('1/'3)max 
(-) 
'mo 
(°)
0S100K 400 220 
0.75 
0.83 33 0.912 -66* -15.1* 0.432 -23 
50S50K 401 217 
0.59 
0.73 23 0.627 -57 -9.7 0.350 -29 
70S30K 403 220 
0.49 
0.61 20 0.556 -44 -12.6 0.233 -38 
85S15K 402 221 
0.52 
0.61 22 0.610 -22 -1.1 0.217 -40 
98S02K 398 218 
0.36 
0.51 26 0.714 -35 -7.9 0.272 -35 
Note: Kc = σ'hc/ σ 'vc, * italics denotes specimen had not reached a peak q; the values 
listed are the final reading 
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Table 2.4: End of ISA mean stress and volume change during post-ISA reconsolidation to 
pre-ISA consolidation stress state 
Mixture εzz (±%) p'c (kPa) Δp'/p'c (%) vol (%) e/e0 (-)
0S100K 
0.5 201 0 0.04 0.001 
1.0 200 9 0.11 0.002 
3.0 202 37 0.60 0.013 
50S50K 
0.5 187 20 0.11 0.003 
1.0 187 39 0.28 0.007 
3.0 188 70 1.1 0.030 
70S30K 
0.5 178 53 0.23 0.007 
1.0 176 76 0.56 0.016 
3.0 176 93 1.8 0.051 
85S15K 
0.5 179 75 0.37 0.009 
1.0 176 91 0.84 0.022 
3.0 177 97 2.2 0.057 
98S02K 
0.5 167 74 0.37 0.009 
1.0 166 94 0.70 0.017 
3.0 163 98 1.8 0.045 
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Table 2.5: Shear strength of 85S15K tests using Brandon et al. (2006) failure 
determinations for dilating soils 
Test Type 
(σ1-σ3)max (σ'1/σ'3)max umax Kf line f = 5.0% 
qf 
(kPa) 
εf 
(%) 
qf 
(kPa) 
εf 
(%) 
qf 
(kPa) 
εf 
(%) 
qf 
(kPa) 
εf 
(%) qf (kPa) 
Undisturbed 102 0.47 78 8.9 77 7.4 77 4.2 95 
±0.5% ISA 129* 15.6* 114 8.8 104 4.9 105 5.2 104 
±1.0% ISA 134* 15.4* 125 8.3 115 4.5 113 3.7 116 
±3.0% ISA 204 14.3 162 6.2 100 1.5 116 2.4 150 
Note: * italics denotes specimen had not reached a peak q; the values listed are the final 
reading 
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Figure 2.2: Plasticity chart for the 5 test soils (for symbol labels: S = % silt, K = % 
kaolin). 
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Figure 2.3: Reference undisturbed shear behavior: (a) shear stress versus axial strain, (b) 
shear-induced pore pressure versus axial strain, and (c) effective stress paths for 
undrained triaxial compression shear for the five soils. 
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Figure 2.4: (a) shear stress versus axial strain, (b) shear induced pore pressure versus 
axial strain, and (c) effective stress paths for undrained triaxial extension tests. 
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Figure 2.5: Shear stress versus axial strain for all ISA cycles performed on each soil mix 
(Note: the scale of the y-axis for the 98S02K tests is different). 
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Figure 2.6: Shear-induced pore pressure versus axial strain for all ISA cycles for each soil 
mix. 
-50
0
50
100
150
Strain (%)
-3 -2 -1 0 1 2 3
-50
0
50
100
150
-50
0
50
100
150 Undis.
±0.5%
±1.0%
±3.0%
0S100K
-50
0
50
100
150 50S50K
u
 (k
Pa)
-50
0
50
100
150 70S30K
85S15K
98S02K
34 
 
 
Figure 2.7: Effective stress paths for all ISA cycles for each soil mix (Note: the scale of 
the axes of the 98S02K plot is different). 
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Figure 2.8: (a) loss of mean effective stress during ISA disturbance as function of ISA 
strain level and (b) Δe/e0 during reconsolidation to pre-ISA effectives stress state as 
function of ISA strain level. 
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Figure 2.9: Shear stress versus axial strain for post-ISA undrained shear for all tests and 
soil mixes (Note: The scale of the y-axis of the 98S02K plot is different). 
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Figure 2.10: Shear-induced pore pressure versus axial strain for post-ISA undrained shear 
for all tests and soil mixes (Note: The scale of the y-axis of the 98S02K plot is different). 
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Figure 2.11: Effective stress paths for the post-ISA undrained shear of the four plastic 
soils. 
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Figure 2.12: Effective stress paths for the post-ISA undrained shear of 98S02K. 
 
  
p' (kPa)
0 250 500 750 1000
q (
kP
a)
0
250
500
750
Undisturbed
±0.5%
±1.0%
±3.0%
40 
 
CHAPTER 3 
 INFLUENCE OF STRESS HISTORY ON TUBE SAMPLING 
DISTURBANCE OF INTERMEDIATE SOILS 
This paper presents a laboratory investigation of the influence of soil stress 
history on simulated tube sampling disturbance on intermediate soils by varying their 
plasticity and overconsolidation ratios (OCRs). Two samples consisting of different 
proportions of kaolin and silica silt and one reconstituted natural silt were mixed as a 
slurry and then consolidated to the nominal pre-designed OCRs of 1.0, 1.8, 3.6, and 7.2. 
All specimens were tested in a stress-path triaxial cell using the ideal sampling approach 
(ISA) that involved applying an undrained shearing with a strain cycle of ±1.0 % prior to 
reconsolidation and undrained shear. The collective results show systematic trends in the 
response of the soils with increasing OCR to the induced ISA disturbance. Specimens 
with higher OCRs were more resistant to sample disturbance, although sample 
disturbance increased the measured strength for all intermediate soil tests. The 
undisturbed tests followed the SHANSEP equation well but SHANSEP reconsolidation 
after ISA disturbance only recovered some of the undisturbed behavior and overestimated 
soil strength.. 
3.1 Introduction 
Sampling and laboratory testing of natural soils is a fundamental aspect of 
geotechnical engineering. Sample disturbance is an unavoidable part of the sampling and 
testing process which can significantly change the engineering properties of soils. 
Starting with Hvorslev’s seminal work (1949) there is now a large body of work which 
looks at both the cause and the effects of sample disturbance in a variety of clays, e.g. 
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Canadian Champlain Sea Clay (Lefebvre and Poulin 1979; La Rochelle et al. 1981), 
Scottish Bothkennar clay (Hight et al. 1992), Japanese clays (Tanaka et al. 1996), 
Norwegian clays (Lunne et al. 1997, 2006), and resedimented clays (Santagata and 
Germaine 2002, 2005). The research into the effect of sample disturbance on clays shows 
decreases in undrained shear strength and initial modulus; however this work has been 
for low to moderate OCR clays with the exception of Santagata and Germaine (2005). 
Santagata and Germaine tested normally consolidated resedimented Boston Blue Clay 
(RBBC) (2002) and then tested artificially disturbed RBBC specimens at nominal OCRs 
of 1, 2, 4, and 8. They found that with for higher OCRs the effects of disturbance were 
less significant, however at all OCR values the effects of disturbance on the undrained 
shear strength were “modest”. It was recommended that for normally consolidated soils 
the SHANSEP method be used to estimate the soil strength while for OCR 4 soils the 
recompression procedure (Bjerrum, 1973) may be used. There has been relatively little 
research into the effects of sampling disturbance on silts (Carroll and Long, 2017; Lukas 
et al. 2018a) and what research has been done has been for relatively low (i.e. less than 
OCR = 3.0) silts. This paper presents a continuation of the work presented by Lukas et al. 
(2018a and 2018b). Three soils, two synthetic soils previously tested by Lukas et al. 
(2018a and 2018b) and one reconstituted natural silt, were tested at nominal OCR values 
of 1.0, 1.8, 3.6, and 7.2 in order to determine the effect of sample disturbance at different 
OCRs. 
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3.2 Ideal Sampling Approach 
Two models of sample disturbance have been proposed in order to study sample 
disturbance in the laboratory: the Perfect Sampling Approach (PSA) (Ladd and Lambe, 
1963; Skempton and Sowa, 1963) and the Ideal Sampling Approach (ISA, Baligh et al. 
1987). PSA is defined as the release of the in situ shear (deviator) stresses on the soil to 
an isotropic stress state. This is a necessary and unavoidable result of taking a soil 
specimen from the in situ stress state to a hydrostatic isotropic stress state in the 
laboratory and is the theoretical minimum possible amount of disturbance for a sample. 
Hight (2003) found that there is a greater loss of mean effective stress during PSA with 
decreasing PI.  
Using the Baligh (1985) strain path method,  Baligh et al. (1987) developed a 
framework for taking into account the effects of the penetration of a simple sampler into 
a saturated clay. The simple sampler has a curved tip and a slight reduction of the inner 
diameter of the sampler. It was found that a centerline element of soil is subjected to 
undrained compressive strains of magnitude εzz ahead of the sampler, an extension strain 
of magnitude -εzz once the soil has entered the sampler and an unloading back to 0% 
vertical strain as the soil moves farther into the sampler during sampling tube penetration 
(Figure 3.1). The deviator stress of the specimen is then removed undrained following the 
strain cycle to simulate the specimen retrieval and extrusion. ISA was designed as an 
extension of PSA by adding the effects of sampler penetration, removal of the sampler 
from the ground and extrusion of the sample in the laboratory. ISA does not take into 
account other causes of disturbance such as operator-based disturbance or water content 
changes, hence it is the “ideal” sampling approach. 
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ISA has been used to study the effects of sample disturbance on clays (e.g. Hird 
and Hajj, 1995; Santagata and Germaine, 2002) showing, in agreement with previous 
studies of sample quality disturbance in clays, decreasing undrained shear strength and 
initial modulus with increased sample disturbance. To the authors’ knowledge there have 
only been two studies of intermediate (low plasticity fine grained soils) involving 
sampling disturbance simulation: Carroll and Long (2017, based on Carroll 2013) and 
Lukas et al. (2018a, 2018b). Both studies showed that unlike the results for clays, 
intermediate soils tend to increase in strength with disturbance which was hypothesized 
by Caroll and Long (2017) as being due to a reduction in void ratio that occurred during 
sampling. 
3.3 Methods 
3.3.1 Sample Preparation 
Two mixtures of differing dry masses of silica silt (US-Sil-Co-Sil 250) and kaolin 
clay (Old Hickory, No.1 Glaze) were used to create synthetic soil specimens of varying 
properties. The mixtures were 50S50K (e.g. 50% silt and 50% kaolin by dry mass) and 
85S15K. The Dedham Silt is a natural glacially deposited silt collected from borehole 
cuttings in Dedham, MA. The soil was air dried, pulverized, and sieved with only the 
fine-grained portion (passing the No. 200 sieve,< 0.075 mm) being used for this testing. 
Table 3.1 presents a summary of the index properties for the three soils. 
The 50S50K mixture had sufficient clay content to enable free-standing 
specimens. As such a slurry consolidometer was used to make a soil cake from which 
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four specimens could be trimmed. The Dedham Silt and 85S15K specimens, while self-
standing, were susceptible to liquefaction during trimming and were therefore prepared 
individually using a vacuum split mold similar to Wang et al. (2011). Lukas et al. (2018a) 
presents a more detailed description of the methods of specimen preparation. 
3.3.2 Triaxial Drained ISA Testing 
After mounting in the triaxial testing apparatus the specimens were backpressured 
at 300 kPa until saturated (B-value > 0.95 within 5 minutes of increasing the cell pressure 
50 kPa). Specimens were consolidated to a vertical effective stress of 400 kPa and 
unloaded to 222 kPa (OCR = 1.8), 111 kPa (OCR = 3.6), or 56 kPa (OCR = 7.2) prior to 
undrained shear in compression loading, i.e. increasing vertical stress (σv) at constant 
horizontal stress (σh), in the case of the “undisturbed’ specimen or undrained ISA 
shearing. The K0 values listed in Table 3.1 were determined using a combination of 
measured K0 values for the normally consolidated stress state and the measured triaxial 
compression effective stress friction angle angle (′mo) taken at the maximum obliquity 
(σ′1/σ′3)max . These measurements were used to determine the Mesri and Hayat (1993) 
relationship among K0, 'mo and OCR to estimate the appropriate K0 value for each target 
OCR for each soil and all tests were anisotropically consolidated using the resulting 
Table 3.1 target K0 values. ISA shearing was performed undrained and strain controlled 
and with peak ISA strains of ±1.0%. Following the ISA strain cycle the deviator stress in 
the specimens was released by unloading the specimens to an isotropic state, i.e. 
decreasing σv at constant σh until σv ≈ σh to complete the full ISA simulation of tube 
sampling. After the removal of the deviator the specimens were anisotropically 
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reconsolidated from their post-ISA stress state to the pre-ISA σ′vc and σ′hc, and therefore 
K0, values prior to final undrained shear. For all tests, loading and unloading during 
consolidation were performed at strain rates of 0.2%/hr and 0.05%/hr, respectively. Final 
shearing was performed undrained at a strain rate of 0.5%/hr. The undisturbed and ISA 
tests for OCR = 1.8 for the 50S50K and 85S15K soils were performed by Lukas et al. 
(2017). 
Figures 3.2 and 3.3 present the compression curve and stress paths for the entire 
test procedure for ±1.0% ISA tests on 85S15K specimens with OCRs of 1.0 and 3.6, 
respectively. The specimen is initially consolidated to the pre-ISA stresses (Path 1 – 2) 
prior to undrained ISA shearing (Path 2 – 3). The specimens are then recompression 
consolidated to the pre-ISA stresses (Path 3 – 4) followed by undrained compression 
shear (Part 4 – 5). The shape of the unload path for the OCR = 3.6 test (Figure 3.3) is due 
to the anisotropic consolidation algorithm of GeoTac’s TruePath software. During 
unloading the cell pressure is kept constant while the load frame backs off which 
decreases the piston load on the specimen and in turn increases K. When K has increased 
to the target K value the cell pressure is decreased proportionally to the decrease in the 
piston load to maintain the target K. 
3.4 Results and Discussion 
3.4.1 Undisturbed Behavior 
Figure 3.4 presents the stress-strain, normalized stress-strain, and shear induced 
pore pressure versus strain plots for all undisturbed tests and Figure 3.5 presents the 
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standard and normalized stress paths for all undisturbed tests. The undisturbed strength 
parameters are presented in Tables 3.2 through 3.4 for the 50S50K, 85S15K, and 
Dedham Silt, respectively. The OCR = 1.0 and 1.8 50S50K tests reach an initial peak 
prior to contractive behavior until the end of shear. The OCR = 3.6 and 7.2 tests on the 
other hand display dilative behavior until failure due to the development of a shear plane 
and softening along the failure envelope. All 85S15K (including OCR = 1.0 and 1.8) and 
Dedham Silt tests have an initial peak followed by a contractive phase until the test 
reaches the failure envelope after which the soils display dilative behavior until failure. 
The strain to inflection, ɛi, defined as the strain to the lowest q prior to dilative behavior, 
generally decreases with increasing OCR and is significantly smaller for the Dedham silt 
than the 85S15K. For all soils there is a decrease in the magnitude of the initial peak and 
initial stiffness as well as the shear-induced pore pressures with increasing OCR. 
Additionally the strain to the initial peak increases with increasing OCR.  
As shown in Table 3.5 all three soils were found to exhibit normalized behavior 
as per the SHANSEP (su/σ′vc = S(OCR)m) method (Ladd and Foott, 1974). For all 85S15K 
and the OCR = 1.0 and 1.8 Dedham Silt tests the initial peak q values were used. For the 
OCR = 3.6 and 7.2 Dedham Silt tests there was no initial peak (Figure 3.5) however there 
is an inflection point in the stress path at q ≈ 80 kPa for OCR = 3.6 and q ≈ 65 kPa for 
OCR = 7.2 and this was used for the SHANSEP calculation. For the 50S50K tests the 
initial peak was used for OCR = 1.0 and 1.8, and the maximum q values were used for 
OCR = 3.6 and 7.2. There is little difference between the SHANSEP parameters when S 
is fixed to the measured su/σ′vc value for the OCR = 1.0 test and when S is used optimized 
and either method produces r2 values of at least 0.999 for all cases. 
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3.4.2 ISA Shearing and Reconsolidation 
Figure 3.6 presents the ISA stress strain and shear-induced pore pressure versus 
strain plots for all tests.  Figure 3.7 presents the ISA stress paths for all tests, as well as 
the undisturbed stress paths for reference. Figure 3.8 presents the normalized loss in 
effective stress, calculated as the change in p′ during ISA divided by p′c. Tables 3.2 
through 3.4 present Δe/e0 and ɛv at σ′vc for all tests. As Figures 3.6 and 3.7 show there is 
progressively less loss of effective stress and accompanying increase in shear-induced 
pore pressure with increasing OCR. Both the 85S15K and Dedham tests have a loss 
greater than 80% for all OCR values while the losses for 50S50K tests range from 60% 
for OCR = 1.0 to only 4.1% for OCR = 7.2. The OCR = 1.0 and 1.8 50S50K tests are also 
the only tests which develop negative pore pressure during the ISA cycling. For all OCR 
= 1.0 and 1.8 tests at +1.0% strain the soils have already gone past the initial peak 
strength and have started to soften. There is also a general trend of decreasing Δe/e0 and 
ɛv at σ′vc for increasing OCR. The 50S50K tests have the smallest Δe/e0 and ɛv at σ′vc 
values, while the 85S15K and Dedham tests have similar values. All values of Δe/e0 are 
0.03 or below, which qualify as “Very Good to Excellent” for OCR 1 – 4 soils according 
to the NGI clay based method. 
3.4.3 Post-ISA Final Shear 
Figure 3.9 presents the stress-strain curves for the final shear for the undisturbed 
and post-ISA tests. Figure 3.10 presents the post-ISA disturbance and reconsolidation 
final undrained triaxial compression shear stress paths, as well as the undisturbed stress 
paths for comparison. Tables 3.2 through 3.4 present a comparison of the undrained shear 
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strengths of the different tests. The 50S50K tests show relatively little influence of the 
ISA disturbance, with that difference decreasing with increasing OCR. The OCR = 1.0 
and 1.8 tests still have a peak strength at low strains followed by a contractive phase 
while the OCR = 3.6 and 7.2 tests display dilative behavior until failure due to the 
development of a shear plane. The OCR = 1.0 test has the largest difference in the peak 
strength (11% increase post-disturbance). With the exception of the OCR = 1.0 tests all 
85S15K and Dedham tests have the initial peak and contraction phase eliminated by the 
ISA disturbance and exhibit generally dilative behavior. 
3.4.4 Effect of SHANSEP Consolidation 
As previously mentioned, Santagata and Germaine (2005) recommended using 
the SHANSEP method to somewhat counteract the effects of sample disturbance on 
normally consolidated RBBC. In order to test whether or not this applies to intermediate 
soils two OCR = 1.0, ±1.0% ISA tests (one on 85S15K, one of Dedham Silt) with post-
ISA reconsolidation to two times the pre-ISA σ′vc (800 kPa) were performed. Figure 3.11 
presents the complete compression curve and stress path for the 85S15K test. Figure 3.12 
presents the normalized stress-strain curves and normalized stress paths for the 
undisturbed, recompression ISA, and SHANSEP recompression tests for both soils and 
Table 3.6 summarized the test results. As discussed previously there is a significant 
difference in undrained shear behavior between the undisturbed and ±1.0% ISA 
recompression tests on 85S15K. This also applies to the normalized behavior, with the 
peak normalized shear stress changing from 0.290 at 0.15% strain for the undisturbed test 
to 0.354 at 1.4% strain for the recompression ISA test. The ISA test also exhibits a 
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greater tendency for post-peak dilation. The SHANSEP recompression test is more 
similar to the undisturbed (peak normalized shear stress of 0.316 at 0.47% strain) and 
does not exhibit a strong tendency for post-peak dilation, however it still overestimates 
the soil strength by approximately 9%. 
Unlike the 85S15K, for the Dedham recompression ISA tests the initial peak 
strength and strain softening phase is completely eliminated and the disturbed specimen 
exhibits significant dilative behavior. The SHANSEP recompression test also does not 
have an initial peak strength at low strain and exhibits dilative behavior; however it is not 
as stiff as the recompression test.  
It should be noted that although both SHANSEP reconsolidation tests were 
reconsolidated to two times the pre-ISA σ′vc and the consolidation curve had not yet 
reached the virgin compression line (See Figure 3.12). Additional testing should be 
performed to determine if SHANSEP reconsolidation to a σ′vc more than two times larger 
recovers more of the undisturbed behavior.  
3.5 Conclusions 
Sample disturbance was simulated in a triaxial cell for three different soils at four 
different OCRs using the Ideal Sampling Approach. For the soils tested (uncemented, 
young intermediate soils) decreasing plasticity resulted in greater changes in post-ISA 
disturbance undrained shear behavior. While the undisturbed and disturbed undrained 
shear behavior for the clayey soil (50S50K) differed relatively little with only slight 
increases in strength, the 85S15K and Dedham soils switched from a contractive behavior 
with a peak strength at low strains followed by strain softening to a dilative materials 
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with no strain softening when disturbed. This is in part due to the stiffer natural of the 
silts, with only small amounts of strain-based disturbance required to surpass the small 
strain peak strengths. For all soils there was less of a difference between the undisturbed 
and disturbed undrained shear behavior with increasing OCR, however the intermediate 
soils still switched from contractive to dilative; in the case of the 85S15K tests the small 
strain peak followed by strain softening was present for all four OCRs tested and 
eliminated in all cases by ±1.0% ISA disturbance. The change from a contractive to a 
dilative shear behavior can lead to overestimates of the soil strength and therefore 
underconservative design values. 
SHANSEP recompression to two times σ′vc partially recovered the normally 
consolidated undrained shear behavior; however design strengths would still be 
overestimated. The undisturbed undrained shear behavior for all tests was in agreement 
with the SHANSEP normalization principle. As such, due to the difficulties in sampling 
intermediate soils and their tendency to densify during sampling with the subsequent 
change from contractive to dilative behavior it is recommended that uncemented 
intermediate soils specimens be reconstituted to determine the SHANSEP parameters S 
and m and that these values be used for design. For higher OCR values a peak strength 
may not be present and an inflection point used to determine the SHANSEP parameters, 
however for design a conservative design strength for a dilating soil should be used. The 
tests performed for this paper were only subjected ±1.0% ISA disturbance which is 
relatively little disturbance and likely underestimates the amount of disturbance for 
standard Shelby tube sampling. SHANSEP parameters can also provide a check against 
the behavior of undisturbed specimens to determine if the specimen has been disturbed.  
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Table 3.1: Summary of Soil Parameters 
Soil 50S50K 85S15K Dedham Silt 
LL (%) 31 20 19 
PI (%) 16 4.4 NP 
FC (%) 87.4 78.6 100.0 
KNC (-) 0.59 0.52 0.56 
K1.8 (-) 0.73 0.61 0.72 
K3.6 (-) 0.98 0.96 0.97 
K7.2 (-) 1.33 1.34 - 
ϕ'mo (°) 26.3 36.5 35.0 
Note: Italic K values were determined using correlation equations. 
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Table 3.2: 50S50K Test Results 
Undisturbed Disturbed (±1% ISA) 
OCR σ′vc su ɛf OCR σ′vc su ɛf Δe/e0 ɛv 
(-) (kPa) (kPa) (%) (-) (kPa) (kPa) (%) (-) (%) 
1.00 395.8 103.1 0.37 1.00 393.9 114.8 1.08 0.020 0.772 
1.84 216.0 89.7 0.92 1.87 217.2 91.2 2.76 0.007 0.275 
3.74 104.2 79.9 3.53 3.69 107.3 75.0 3.83 0.002 0.058 
7.64 52.0 68.5 8.39 7.85 51.3 65.2 6.71 0.001 0.053 
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Table 3.3: 85S15K Test Results 
Undisturbed Disturbed (±1% ISA) 
OCR σ′vc 
Initial Peak ɛi qmax OCR σ′vc 
Initial Peak ɛi qmax Δe/e0 ɛv su ɛf su ɛf su ɛf su ɛf 
(-) (kPa) (kPa) (%) (%) (kPa) (%) (-) (kPa) (kPa) (%) (%) (kPa) (%) (-) (%) 
1.00 400.9 116.3 0.15 5.93 - - 1.00 398.3 140.5 1.31 3.82 148.2 10 0.030 1.180 
1.85 218.8 102.4 0.48 6.73 - - 1.85 222.1 - - - 128.2 10 0.022 0.839 
3.89 106.4 86.2 0.85 4.48 - - 3.66 108.9 - - - 102.3 10 0.011 0.441 
7.90 50.9 69.5 2.60 4.81 71.5 10 8.12 49.0 - - - 87.4 10 0.012 0.452 
 
Table 3.4: Dedham Silt Test Results 
Undisturbed Disturbed (±1% ISA) 
OCR σ′vc 
Initial Peak 
ɛi 
qmax 
OCR σ′vc 
Initial Peak 
ɛi 
qmax 
Δe/e0 ɛv su ɛf su ɛf su ɛf su ɛf 
(-) (kPa) (kPa) (%) (%) (kPa) (%) (-) (kPa) (kPa) (%) (%) (kPa) (%) (-) (%) 
1.00 399.3 109.8 0.38 1.73 164.3 10 1.00 406.2 - - - 454.5 10 0.010 0.330 
1.83 217.6 95.3 0.52 2.39 129.0 10 1.81 219.9 - - - 182.2 6.15 0.023 0.850 
3.67 110.4 80.3 0.58 - 195.2 10 3.69 108.9 - - - 248.2 10 0.014 0.538 
7.94 53.6 65 0.98 - 94.2 3.66 7.33 54.8 - - - 180.1 6.63 0.018 0.668 
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Table 3.5: SHANSEP Parameters for all soils. 
Soil 
Fixed S Free S 
S m r2 S m r2 
50S50K 0.260 0.797 0.999 0.259 0.805 0.999 
85S15K 0.290 0.756 0.999 0.292 0.748 1.000 
Dedham 0.275 0.748 1.000 0.280 0.716 0.999 
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Table 3.6: Comparison of Recompression Techniques on Normally Consolidated 85S15K 
and Dedham Silt. 
Soil Test Type σ′vc (kPa) 
qpeak 
(kPa) 
qpeak/σ′vc 
(-) 
ɛpeak 
(%) Dilation? 
85S15K 
Undisturbed 401 116 0.290 0.146 No 
ISA Recomp. 398 141 0.354 1.42 Yes SHANSEP 813 256 0.316 0.465 No 
Dedham 
Undisturbed 399 110 0.275 0.509 Yes 
ISA Recomp. 404 No qpeak Yes SHANSEP 803 No qpeak Yes 
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Figure 3.2: Complete compression curve and stress path for an OCR = 1.0, ±1.0% ISA 
test on an 85S15K specimen with post-ISA recompression consolidation. 
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Figure 3.3: Complete compression curve and stress path for an OCR = 3.6, ±1.0% ISA 
test on an 85S15K specimen with post-ISA recompression consolidation. 
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Figure 3.4: Stress-strain, normalized stress-strain, and shear induced pore pressure plots 
for all undisturbed tests. 
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Figure 3.5: Undisturbed undrained triaxial compression stress paths and normalized stress 
paths for the three soil mixtures and four OCR values tested. 
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Figure 3.6: Stress-strain and shear induced pore pressure vs strain for the ISA cycles. 
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Figure 3.7: Undisturbed and ISA Stress Paths for all tests. 
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Figure 3.8: Normalized loss of effective stress for all tests as well as 7 additional tests 
with ±0.5% and ±3.0% ISA. 
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Figure 3.9: Stress-strain curves for all tests. 
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Figure 3.10: Undisturbed and post-ISA disturbed undrained triaxial compression shear 
paths. 
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Figure 3.11: Complete compression curve and stress path for an OCR = 1.0, ±1.0% ISA 
test on an 85S15K specimen with post-ISA SHANSEP recompression consolidation. 
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Figure 3.12: Normalized stress-strain curves and stress paths for OCR = 1.0 undisturbed 
and ±1.0% ISA tests with recompression and SHANSEP recompression on 85S15K and 
Dedham Silt.
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CHAPTER 4 
 EVALUATION OF A SHEAR WAVE VELOCITY-STRESS STATE 
FRAMEWORK FOR ASSESSMENT OF SAMPLE QUALITY FOR 
NON-STRUCTURED LOW PLASTICITY SILTS 
This paper presents results from a laboratory investigation that studied changes in 
shear wave velocity and stress state under conditions of simulated tube sample 
disturbance using the ideal sampling approach (ISA). ISA tests were performed on a 
young, non-structured, reconstituted plasticity index (PI) equal to 16 clay, a PI = 4 clayey 
silts, and a non-plastic silt using a triaxial stress path cell system equipped with bender 
elements. Changes in shear wave velocity and stress state due to varying degrees of ISA 
disturbance were evaluated relative to the shear wave velocity-stress state backbone 
curves of each soil. The ISA disturbance resulted in a very large reduction in the mean 
effective stress state for the PI = 4 and non-plastic silt with a corresponding large 
decrease in shear wave velocity. Post-ISA reconsolidation to the pre-ISA effective stress 
state resulted is only a small reduction in void ratio but the subsequently measured 
undrained shear behavior was dramatically different than the reference undisturbed 
specimen behavior. It is concluded that the large reduction in shear wave velocity due to 
the ISA tube sample disturbance may provide a foundation for creating a sampling 
quality criteria for silts. 
4.1 Introduction 
Hight (1998) proposed a framework for assessing the quality of clay samples 
using the combined measurement of shear wave velocity (Vs) and suction (us or sampling 
effective stress 's). The guiding principle for application of this method is a comparison 
70 
 
of laboratory measured Vs and us values on unconfined samples versus the in situ Vs and 
effective stress state with greater similarity between laboratory and in situ values 
indicating higher quality. Figure 4.1 presents an example for the stiff, high 
overconsolidation ratio (OCR), London clay in which shear wave velocities are plotted 
versus the stress squared. For the unconfined samples, shear wave velocity and suction 
were measured using bender elements and a portable suction probe while the in situ shear 
wave velocity was measured using downhole seismic testing with vertically (v) 
propagating horizontally (h) polarized shear waves (Vvh). The relevant stresses for the in 
situ Vvh measurements were the in situ values of the vertical and horizontal effective 
stress ('v0, 'h0). Hight et al. (2003) observe that the Figure 1 Vvh-'s2 data for the rotary 
cored (RC) samples fit into the same trend as the in situ data while the data for the thin 
wall (TW) tube samples and especially the two thick walled U-100 samples fall outside 
the band on in situ data indicating disturbance. It is further noted that some of the rotary 
cored samples also fall outside the band of in situ data indicating that they were disturbed 
and should not be used for advanced laboratory tests such as consolidation and triaxial. 
An advantage of this framework over the traditional volumetric measures of sample 
quality that assess the change in specimen volume during reconsolidation to the estimated 
in situ effective stress state (e.g., Terzaghi et al. 1996, Lunne et al. 2006) is that the 
measures of Vs and us are nondestructive and thus sample quality can be evaluated before 
setting up and conducting a laboratory consolidation test (e.g., oedometer, triaxial). There 
are however, some disadvantages which include the need for in situ Vs data, an estimate 
of the in situ coefficient of lateral earth pressure at rest (K0 = 'h0/'v0), and for somewhat 
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specialized equipment for measurement of sample shear wave velocity (e.g., Hight 1998; 
Landon et al. 2007) and suction (Ridley and Burland 1993, Poirier and DeGroot 2010). 
Very stiff, high OCR clays, such as the London clay, can develop 's values 
similar to in situ effective stress states as shown in Figure 4.1 but such is not the case for 
soft, low OCR, clays which have 's values that are significantly less than 'v0 even for 
high quality samples. For example, Tanaka et al. (1996), Donohue and Long (2010) and 
Poirier and DeGroot (2010) present data for 's = us that range from approximately 
0.2'v0 for high quality block samples down to near zero for very poor quality thick 
walled driven samples. Figure 4.2 presents a schematic of the Vvh-'2 framework for low 
OCR clays which conceptually maps the region within which a disturbed sample could 
plot relative to the perfect sample which is defined as the hypothetical case of a sample 
that only undergoes stress relief due to remove of the in situ deviator stress and has an 
effective stress 'ps (Ladd and Lambe 1963; Skempton and Sowa 1963). Ladd and 
DeGroot (2003) report that the sampling effective stress for reasonable quality samples of 
non-cemented is likely to be in the range of σ's/σ'ps ≈ 0.25 to 0.5 for relatively shallow 
soil of moderate OCR and in the range of σ's/σ'ps ≈ 0.05 to 0.25 for deeper soil with OCR 
< 1.5 where 'ps roughly approximates the in situ mean (octahedral) effective stress. It is 
evident from Figure 4.2 that use of the Vvh-'2 framework for soft low OCR clays requires 
a significant and thus uncertain extrapolation of the in situ derived Vvh-'v0'h0 
relationship to the range of likely 's2 as shown for example by Landon (2007). Donohue 
and Long (2010) developed an alternative approach by evaluating measured Vvh and us 
values relative to that measured on a remolded specimen of the clay being sampled and 
an assumed reference value of us equal to 0.2'v0 to represent high quality samples. 
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Beyond its potential use as a method for assessing sample quality, the Vvh-'2 
framework can be a valuable tool for studying the influence of sample disturbance under 
well controlled laboratory conditions. Specifically the Perfect Sampling Approach (PSA) 
(Ladd and Lambe 1963; Skempton and Sowa 1963) and Ideal Sampling Approach (ISA) 
(Baligh et al. 1987) were developed to study in the laboratory using triaxial equipment 
the influence of deviator stress relief and tube sampling on clays (Siddique et al. 1999, 
Santagata and Germaine 2002, Santagata and Germaine 2005) and more recently silts 
(Carroll and Long 2017, Lukas et al. 2017). In all prior PSA and ISA studies the 
influence of the laboratory induced disturbance was evaluated in terms of subsequent 
changes in undrained shear behavior relative to the reference undisturbed specimen 
behavior. Use of the Vvh-'s2 framework allows for greater exploration of the effects of 
disturbance by also incorporating changes in stiffness, via shear wave velocity, and 
effective stress state. This paper presents results from a research program that 
investigated the efficacy of the  Vvh-'s2 framework as a means for evaluating the 
influence of tube sampling disturbance on a non-plastic silt and a low plasticity clayey 
silt. Tube sampling disturbance was performed using the Ideal Sampling Approach with a 
triaxial stress path cell system equipped with bender elements. The paper presents the 
foundation for the Hight (1988) Vvh-'s2 framework, a description of the tests soils and 
methods, presentation of results and concludes with an evaluation of the potential of the 
Vvh-'s2  framework for assessing sample quality of low plasticity silts.  
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4.2 Shear Wave Velocity-Stress State Framework 
Hardin and Blandford (1989) presented an equation that relates the small strain 
shear modulus G0 to several state parameters and soil properties as 
ܩ଴௜௝ ൌ ௜ܸ௝			ଶߩ௧ ൌ ௜ܵ௝ܨሺ݁ሻܱܥܴ௞ߪ′௥௘௙					ଵି௡௜ି௡௝ߪ′௜		௡௜ߪ′௝		௡௝ Eq. 4.1  
where 
G0ij = small strain stiffness 
Vij = shear wave velocity 
ρt = total density 
Sij = “structure” term 
F(e) = function accounting for void ratio change 
OCR = overconsolidation ratio 
σ′ref = reference stress 
σ′ij = effective stress 
i = direction of wave propagation 
j = direction of wave polarization 
For measurement of the shear wave velocity in the vertical (v) direction with a 
horizontally (h) polarized wave and with σ'ref set equal to 1 kPa reduces Equation 4.1 to: 
ܩ௩௛ ൌ ௩ܸ௛			ଶߩ௧ ൌ ܵ௩௛ܨሺ݁ሻܱܥܴ௞ߪ′௩		௡௩ߪ′௛		௡௛ Eq. 4.2 
Furthermore, laboratory data shows that the coefficient k = 0 and that the 
coefficients 'nv' and 'nh' are equal to each other and constant (e.g., Jamiolkowski et al. 
1995, Pennington et al. 1997). Several different forms of the void ratio function have 
been proposed with F(e) = e-m being a common one (Jamiolkowski et al. 1995). This 
further simplifies Equation 4.2 to: 
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ܩ௩௛ ൌ ௩ܸ௛			ଶߩ௧ ൌ ܵ௩௛݁ି௠ሺߪᇱ௩		 ߪᇱ௛	 ሻ௡ Eq. 4.3 
In order to determine the coefficients Svh, m, and n the shear wave velocity ideally 
needs to be measured at known states of σ′v, σ′h, and e for: 1) various stress states but 
with little change in void ratio to determine n, i.e. unload cycles, 2) the same effective 
stress state but at different void ratios to determine m, and 3) normalization of Gvh by F(e) 
to confirm n and to determine Svh. These known states can all be achieved by performing 
a K0-consolidated test in a triaxial stress path cell equipped with bender elements with 
multiple unload-reload loops and frequent measurement of the shear wave velocity. 
Figure 4.3 plots an example from Jones (2009) for the soft, low OCR, offshore 
Norway Troll clay with plasticity (PI) of 35%. Data were collected from an undisturbed 
specimen subjected to multiple K0 loading and unloading loops with accompanying 
bender elements measurements. Figure 4.3a plots the shear wave velocity data Vvh versus 
stress squared and Figure 4.3b plots the small strain shear modulus Gvh versus stress 
squared for which Gvh was computed as the product of Vvh squared and the corresponding 
specimen total density for each shear wave velocity measurement. Figure 4.3b also plots 
the data analyzed using the following procedure as described by Hight and Leroueil 
(2003): 
1) Determine Gvh, Vvh, ρt, e, σ′v, and σ′h at various normally consolidated (OCR = 1) 
and over consolidated (OCR > 1) states during the test  
2) From plot of Gvh versus σ′vσ′h for the unload-reload cycles perform a best fit 
regression for the equation y = axb to determine the value of n in Equation 4.3 
3) From plot of Gvh/(σ′vσ′h)n versus e perform a best fit regression for the equation y 
= axb to determine the value of m in Equation 4.3 
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4) From plot of Gvh/e-m versus σ′vσ′h perform a best fit regression for the equation y = 
ax to determine the value Svh in Equation 4.3 and confirm the value of n, denoted 
as n*. 
This analysis results in the following form of Equation 4.3 for the Troll clay 
specimen 
Gvh = Vvh2t = 31.5e-4.09('v'h)0.137 Eq. 4.4 
This equation represents the laboratory determined backbone Gvh-e-'2 
relationship for the Troll clay and provides a frame of reference for mapping the effects 
of laboratory induced sample disturbance (e.g., PSA, ISA). The presumption is that a 
disturbed state for soft clays will plot in a region below the backbone curve as shown 
schematically in Figure 4.2. This is based on published results that show for soft clays 
sample disturbance results in a reduction in effective stress and shear wave velocity due 
to the combined effects of sampling stress relief and destructuring (e.g., Hight and 
Leroueil 2003, Ladd and DeGroot 2003, Lunne et al. 2006, Landon et al. 2007, Donohue 
and Long 2010).  What is not known is the potential utility of the Gvh-e-'2 framework for 
studying the effects of sample disturbance in low PI to non-plastic silts. While such soils 
will certainly experience stress relief and possibly destructuring (especially if cemented) 
during sampling, a complicating factor is the possibility of dilation or contraction taking 
place during sampling if partial or full drainage occurs. It is thus hypothesized that 
sample disturbance from destructuring, which is the critical issue for clays (Ladd and 
DeGroot 2003), and sample disturbance due to volume change, which is the critical issue 
for sands (Dahl et al. 2010), will both be critical for intermediate soils such as silts, 
clayey silts, and sandy clays and silts. It is further proposed that these combined effects 
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will shift the Gvh-e-'2 backbone curve as shown schematically in Figure 4.4 which is a 
modification of the Figure 4.2 conceptual framework for soft clays. For initially loose 
non-cemented low PI to non-plastic intermediate soils where densification can occur 
during sampling, Gvh or Vvh will increase since it is a direct function of void ratio; 
similarly an initially dense soil may dilate (loosen) during sampling, resulting in a 
decrease in Vvh. Hence, disturbed sample conditions for intermediate soils can exist above 
or below Figure 4.4 Line O-A and end up between Pts. O-B or O-C after reconsolidation 
to 'v0. 
4.3 Materials and Methods 
4.3.1 Test Soils 
Three reconstituted soils were used for testing with basic index properties listed in 
Table 4.1. Two different mixtures of crushed silica silt (US-Sil-Co-Sil 250) and kaolin 
clay (Old Hickory, No.1 Glaze) were used to create synthetic soil specimens of varying 
properties. The mixtures were 50S50K (e.g. 50% silt and 50% kaolin by dry mass) and 
85S15K. The third test soil was a glacially deposited silt collected from drill cuttings at a 
site in Dedham, MA, USA. The 50S50K mix was prepared to represent a reference low 
plasticity clay (PI = 16), while the 85S15K mix represented a low plasticity (PI = 4) 
clayey-silt and the Dedham silt represented a non-plastic (NP) silt. The Dedham silt was 
air dried, pulverized, and sieved with only the fine-grained portion (passing the No. 200 
sieve,< 0.074 mm) being used for this testing. The 50S50K mixture had sufficient clay 
content to enable free-standing specimens. As such a slurry consolidometer was used to 
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make a soil cake from which four triaxial specimens could be trimmed. The Dedham Silt 
and 85S15K specimens, while self-standing, were susceptible to liquefaction during 
trimming and were therefore prepared individually using a vacuum split mold similar to 
Wang et al. (2011). Lukas et al. (2017) presents a more detailed description of the 
methods of specimen preparation.  
Additionally an undisturbed block sample of the sensitive marine Leda clay was 
used for testing. The sampling was conducted using a Sherbrooke block sampler 
(Lefebvre and Poulin, 1979) in 2000 in Gloucester, Ontario, Canada. The Gloucester 
block specimens were all trimmed from the same elevation and in close proximity to each 
other within the block. The block was from a depth of 3.7 m, with an in situ vertical 
effective stress of 31 kPa, an OCR of 2.8, a liquid limit of 56%, a plastic limit of 29%, a 
plasticity index of 27%, a fines content of 100%, and a sensitivity as measured using the 
fall cone of 15-18 (Landon 2007).  
4.3.2 Bender Element System Construction and Configuration 
The construction of the bender platens generally followed the method presented 
by Salazar and Coffman (2014). Y-poled 12.7 mm x 8.0 mm x 0.66 mm piezoelectric 
transducers (Piezo Systems, Inc., Woburn, MA.) were used. The corners of the bender 
elements which would be embedded in the triaxial specimens were gently rounded using 
emery cloth in order to help prevent thinning of the waterproofing coating. The elements 
were then cleaned with acetone and a cotton swab. Two 24 AWG wires were soldered to 
the elements in a parallel configuration: the strands of one wire were split into roughly 
equal groups  and the strand groups were soldered to the outer faces of the elements while 
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the second wire was soldered to the central shim. The elements were once again cleaned 
before being dipped three times in PVC (Oatey Medium) allowing the coating to cure 
overnight between each dipping. The bottom third of the elements were then secured into 
notches in 22.4 mm wide and 12.7 mm tall cylindrical stainless steel inserts using epoxy 
(Loctite Marine Epoxy). Any remaining gap between the element and the insert was filled 
with silicone caulk (GE 100% Silicone Caulk) in order to prevent soil from entering the 
gap which would in turn lead to erroneous strain measurements. Once the epoxy had 
dried, the inserts were fastened to 35.6 mm diameter acrylic platens using four 2-56 
screws. The connection was sealed using o-rings. The system was grounded by a third 
wire which was held between the transmitting element insert and the acrylic platen by the 
tightening of the screws. The lower triaxial platen was attached to the triaxial base by a 
hollow nylon screw through which the wires for the transmitting element were passed. 
The upper triaxial platen was connected to a two pin Fischer connecter which was 
plugged into a bulkhead. 
The PVC coating was found to break down quickly (in some cases in as few as 3 
tests) which would lead to leaks of cell pressure oil into the specimen through the top cap 
and leaks out of the cell through the base. When such a leak or crack was identified as 
much silicone and PVC as possible was removed using dental tools and the elements 
were then coated with a different epoxy (Loctite E-90FL Hysol) which was found to be 
more resilient. The Hysol was stiffer than the silicone caulk which resulted in a decrease 
in the ability of the elements to bend in a cantilever fashion. The resultant signals did not 
have the long attenuation vibration of the PVC elements, however, there was no change 
in the amplitude of the initial arrival. 
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The transmitting signal was generated by a Wavetek model 29 10 MHz Direct 
Digital Synthesis (DDS) Function Generator. The function generator was used to excite 
the transmitting bender with a single ±10 V amplitude sine wave triggered at a 10 Hz 
delay. The transmitted and received signals were both read using a Pico PC-based 
oscilloscope (Model 4226) with variable 12 or 16 bit resolution and up to 125Ms/s 
sampling rate and PicoScope 6 software. The received traces were averaged over time 
and a 30 kHz low-pass filter was applied using PicoScope 6. The filter did not change the 
arrival signal sufficiently to measurably alter the travel times of the shear waves.  
A number of methods have been proposed to determine the shear wave travel time 
Δt, including using different matching input and output trace breaks for either square or 
sine waves as well as numerical cross-power spectrum analysis (Viggiani and Atkinson, 
1995). For this paper what is known as the first zero crossover was used (Kawaguchi et 
al. 2001). Due to near field effects there is often a slight negative deviation in the 
received wave prior to the arrival of the wave. The first zero crossover is determined by 
fitting a horizontal line to the pre-deviation received wave and extending that line until it 
first intersects with the post-deviation received wave. Figure 4.5 presents a typical set of 
input and output data for the soils tested in this paper and also illustrates first zero 
crossover method. The shear wave velocity Vvh of is calculated as 
Vvh = Ltt/(t – tc) Eq. 4.5  
where Ltt is the tip-to-tip distance between the bender elements (Dyvik and 
Madshus 1985) and tc is the system calibration (i.e. the system delay between 
transmitting and receiving the shear wave) measured when Ltt is zero.   
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4.3.3 Triaxial Consolidation Testing 
In order to determine the values of the coefficients in Equation 4.3 for the three 
reconstituted soils K0-consolidation tests were performed using a triaxial stress path cell 
system equipped with BEs. After mounting in the triaxial cell, specimens were 
backpressured at 300 kPa until saturated (B-value > 0.95 within 5 minutes of increasing 
the cell pressure 50 kPa). The reconstituted specimens (50S50K, 85S15K, and Dedham 
Silt) were consolidated to a final vertical effective stress of 600 kPa with three unload-
reload loops performed as per the loading schedule presented in Table 4.2. These unload-
reload loops were preformed to collect Vvh data for changes in OCR at approximately 
constant e and for changes in e at approximately constant 'v, as needed to determine the 
Equation 4.3 coefficients. Shear wave readings at a frequency of 5 kHz were taken at 
multiple points along the consolidation path. Specimens were allowed to creep for at least 
6 hours at the end of each loading or unloading step. At the end of the K0-consolidation 
sequence the specimens were sheared undrained at a strain rate of 0.5%/hr representing 
the normally consolidated behavior of the tests soils.  
4.3.4 Triaxial Undisturbed Reference and ISA Testing 
After mounting in the triaxial cell, specimens were backpressured at 300 kPa until 
saturated (B-value > 0.95 within 5 minutes of increasing the cell pressure 50 kPa). The 
reconstituted specimens (50S50K, 85S15K, and Dedham Silt) were consolidated using 
the K0 values listed in Table 4.1 to a vertical effective stress of 400 kPa and unloaded to 
222 kPa (OCR = 1.8) or 111 kPa (OCR = 3.6) prior to undrained shear in compression 
loading, i.e. increasing vertical stress (σv) at constant horizontal stress (σh), to represent 
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the reference undisturbed behavior of the soils. ISA shearing was performed undrained 
and strain controlled with one complete strain loop with peak ISA strains of ±1.0% and 
3.0%. Following the ISA strain cycle, the deviator stress in the specimens was released 
by unloading to an isotropic state, i.e. decreasing σv at constant σh until σv ≈ σh. After 
removal of the deviator stress the specimens were anisotropically reconsolidated from 
their post-ISA stress state to the pre-ISA σ′vc and σ′hc, and therefore Kc, values (Table 1) 
prior to final undrained shear. For all tests, loading and unloading during consolidation 
were performed at strain rates of 0.2%/hr and 0.05%/hr, respectively. Final shearing was 
performed undrained at a strain rate of 0.5%/hr. The undisturbed and ISA tests for OCR = 
1.8 for the 50S50K and 85S15K soils were performed by Lukas et al. (2017). 
4.4 Results 
4.4.1 Triaxial Consolidation Testing 
The data obtained from the triaxial K0-consolidation tests with multiple unload-
reload loops (Figure 4.6a) was used to define the coefficients from Equation 4.3 as 
described in the section above on Shear Wave Velocity-Stress State Framework. The 
Figure 4.6b Gvh versus 'v'h data for the three unload-reload loops performed for each 
soil determines the Equation 4.3 n coefficient (based on the best fit regression equations 
shown in black in the figures); the normalized Gvh/('v'h)n versus e data in Figure 4.6c 
determines the Equation 4.3 m coefficient; and the Gvh/e-m versus 'v'h data in Figure 
4.6d determines the Equation 4.3 Svh coefficient and confirms the n coefficient. Table 4.3 
presents the resulting coefficients and includes the Troll clay values for comparison. The 
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50S50K, 85S15K and Dedham silt all have higher n values than the Troll clay implies 
they are more sensitive to the stress state and conversely all three have lower m values 
indicting that Gvh is less sensitive to changes in e for these soils. The Troll clay has a 
significantly higher Svh value which is indicative a greater degree of structure, which is 
consistent with the Troll clay test specimen being from an undisturbed sample compared 
with the young, uncemented PI = 4 85S15K and non-plastic Dedham silt samples.  
4.4.2 Reference Undisturbed and ISA Testing 
Figure 4.7 plots the reference undisturbed undrained shear behavior for the three 
test soils with q = (v – h)/2, u = shear induced pore pressure, and p' = ('v + 'h)/2. 
The main difference among the three soils is the dilative behavior for the non-plastic 
Dedham silt, even for the OCR = 1.8 stress state in which an initial contractive behavior 
changes to dilative behavior after about 2% axial strain. For the OCR = 3.6 state, all three 
soils have effective stress paths that migrate to the right from the start of shear with much 
lower positive u than the OCR = 1.8 specimens and in fact u goes negative for the 
Dedham Silt OCR = 3.6 specimen. Figure 4.8 presents the same plots for the ±3% ISA 
tests performed on the OCR = 1.8 and 3.6 specimens (±1% ISA test results plot within 
that of the ±3% ISA tests and are not included in Figure 4.8 to maintain figure clarity). 
The compression (TC) and extension failure (TE) envelopes plotted in Figure 4.8 
represent the effective stress friction angles (Table 1) at the maximum obliquity 
('1/'3)max as measured in triaxial compression (CAUC) and triaxial extension (CAUE). 
Up to a compressive strain of 3% the undrained ISA test is identical to the reference 
undisturbed CAUC test, as should be expected. Upon reversal of the ISA strain to 
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extension the specimens undergo significant loss of mean effectives stress p' and in the 
case of the 85S15K and Dedham Silt specimens the effective stress path essentially 
reaches the extension failure envelope. At completion of the ISA process the normalized 
mean effective stresses reduced to p'/p'c equal to 0.70 (50S50K), 0.97 (85S15K) and 
0.98 (Dedham Silt). 
Figures 4.9 presents the Gvh/e-m versus 'v'h data collected for pre-ISA, end of 
ISA, and post-ISA reconsolidation for all combinations of OCRs (1.8 and 3.0) and ISA 
strains (±1 and ±3%) for each soil. Also plotted for reference in the figures is the 
backbone Gvh/e-m – 'v'h curve derived from the K0-consolidation tests (Table 4.3). 
These data are also plotted in Figure 4.10 using the more simplified framework of Hight 
(1988) that plots Vvh versus 'v'h. There is a significant decrease in Gvh/e-m and Vvh 
during ISA disturbance for the 85S15K and Dedham silt as shown in Figures 9 and 10 
and summarized for Vvh in Figures 4.11 and 4.12 and Table 4.4 which lists the ratio of Vvh 
at the end of ISA (Vvh,ISA) to the pre-ISA value (Vvh,ISA/Vvh,0). The greatest reduction is for 
the OCR = 1.8 specimens with ±3% ISA where Vvh,ISA/Vvh,0 equals 0.37 for the 85S15K 
and 0.28 for Dedham Silt versus only 0.71 for the 50S50K specimen. The reduction in 
Vvh is accompanied by a significant reduction in 'v'h and the end of ISA Gvh/e-m and Vvh 
values plot essentially on the backbone curves for the 85S15K soil versus somewhat 
below the backbone curves for the 50S50K and Dedham Silt. Upon post-ISA 
reconsolidation to the pre-ISA effective stress state all three soils essentially fully recover 
Gvh or Vvh values (Table 4.4 and Figures 4.11 and 4.12 for which Vvh,p-ISA is the post-ISA 
value). 
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Figures 4.13 (OCR = 1.8) and 4.14 (OCR = 3.6) present the post ISA undrained 
shear behavior for all combinations of OCRs (1.8 and 3.0) and ISA strains (±1 and ±3%) 
for each soil. All ±1% ISA test results showed, relative to the reference undisturbed 
behavior, a decrease in the initial pre-peak stiffness and increases in su (defined as peak qf 
for a soil that strain softens) and the strain to failure εf. These changes in behavior 
continued increased for the ±3% ISA tests for all soils and OCRs. For OCR = 1.8, the 
undrained shear behavior for the 50S50K soil changes from contraction to mild dilation 
at ISA strains of ±3.0% but there is little difference in the measured su defined as peak qf. 
For OCR = 3.6 the differences are even more subtle with no difference in su. For the 
lower PI 85S15K and Dedham Silt samples the dilative behavior resulting from the 
increased ISA damage is more significant. For OCR = 1.8, the 85S15K ±1.0% and ±3.0% 
ISA tests show remarkably different behavior than their reference undisturbed 
counterpart. In both cases the specimens exhibit a limited initial contractive response, 
followed by significant dilative behavior, especially for the ±3.0% specimen. The 
differences between undisturbed and ISA disturbed for OCR = 3.6 are less but still 
significant. For Dedham Silt the ISA disturbance results in a much greater rate of 
increase in shear stress with strain for both OCR = 1.8 and 3.6. Although the most 
dramatic changes are for OCR = 1.8 for which the contractive behavior that occurs just 
beyond the initial peak q (before the stress path reaches the failure envelope where the 
specimen reverts to dilative behavior and migrates up the failure envelope) is completely 
removed even for the ±1% ISA test. In sum, the collective stresses presented in Figures 
4.13 and 4.14 show that disturbance due to ISA straining is minimal for the low plasticity 
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50S50K soil and most significant for the PI = 4 clayey silt 85S15K soil and these effects 
are greater for OCR = 1.8 versus 3.6.  
4.5 Interpretation of Results 
The shear wave velocity-stress state data suggest that little to no destructuring 
occurred during ISA disturbance given that the end of ISA Gvh/e-m (Figure 4.9) and Vvh 
(Figure 4.10) values plot on or close to the backbone curves in spite of the significant loss 
of 'v'h. This is consistent with the samples all being young reconstituted soils that are 
presumed to have little to no structure. Furthermore, during post-ISA reconsolidation 
Gvh/e-m or Vvh essentially return to the pre-ISA values (Table 4.4) implying that the 
changes in the specimen state due to ISA disturbance were fully recovered. Yet, the 
subsequently measured undrained shear behavior is markedly different than that of the 
undisturbed reference behavior. This is especially notable for the 85S15K and Dedham 
Silt OCR = 1.8 specimens where only ±1% ISA strain caused the undisturbed contractive 
behavior became fully dilative behavior for the disturbed specimens (Figure 4.13). 
To explore the influence of destructuring due to ISA disturbance three tests were 
conducted using a block sample of the OCR = 2.8 cemented, sensitive Leda clay from 
Gloucester, Canada described in the Section on Test Soils. Anisotropic consolidation to 
the estimated 'v0, 'h0 stress state for the CAUC test resulted in a change in void ratio 
relative to the initial void ratio e/e0 equal to 0.006 which rates the sample well within 
the Lunne et al. (2006) Very Good to Excellent sample quality category (e/e0 < 0.03 for 
OCR 2 to 4). Shear wave velocity data collected during anisotropic consolidation was 
used to produce the backbone curves presented in Figure 4.15. Also plotted in Figure 
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4.15 are measurements from a specimen subjected to ±1% ISA disturbance and another 
subjected to ±3% disturbance. In this case the reduction in mean stress during ISA 
disturbance (p'/p'c equal to 0.44 for ±1% ISA and 0.21 for ±3% ISA) was much less 
than that for the 85S15K and Dedham Silt and yet the Gvh/e-m and Vvh values at the end of 
ISA disturbance plot noticeably below the backbone curves unlike the 85S50K and 
Dedham Silt. Furthermore, the post-ISA reconsolidation values plot below the pre-ISA 
values; although not by much. It is hypothesized that the reduction in Gvh/e-m and Vvh 
values to below the backbone curves at the end of ISA straining is due to partial 
destructuring of the cemented Leda clay and represents a reduction in the "structure" 
parameter Svh in Equation 4.3.  Partial recovery of Vvh occurs during post-ISA 
reconsolidation (Figure 4.16) presumably due to reduction in void ratio but the damage is 
irreversible as shown in Figure 4.17 which plots the post-ISA undrained shear behavior 
for which there is a clear reduction in su, decrease in initial stiffness, and increased strain 
to reach su for the ISA disturbed tests compared to the undisturbed CAUC test. The 
reduction in su with disturbance is typical of that measured for clays as has been well 
reported in the literature (e.g., Lunne et al. 2006, High and Leroueil 2003, Ladd and 
DeGroot 2003). 
These results indicate that destructuring during disturbance plays an important 
role for the Leda clay while, as noted above, it is presumed such is not playing a role for 
the young reconstituted 50S50K, 85S15K, and Dedham Silt samples. All of these soils 
did undergo a reduction in void ratio during post-ISA reconsolidation as listed in Table 
4.4 which presents the e/e0 values. The values range from very small to moderate 
relative to the Lunne et al. (2006) clay based criteria for assessment of sample quality 
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(e.g., for OCR = 1 to 2, e/e0 < 0.04 is Very Good to Excellent quality, 0.04-0.07 is Good 
to Fair, 0.07-0.14 is Poor, and > 0.14 is Very Poor). For the OCR = 1.8 85S15K and 
Dedham Silt samples with the drastic change in behavior due to just ±1% ISA strain the 
e/e0 values were a very small 0.022 and 0.023. This suggests that small reductions in 
void ratio are enough to completely change the behavior of these soils, although it is not 
possible to know if the ISA shearing process also results in some rearrangement of 
particles to a fabric more conducive to dilative behavior during subsequent undrained 
shear. 
Figure 4.17a presents the Vvh,ISA/Vvh,0 versus e/e0 and the clear trend augurs for 
creating a Vvh based non-destructive sample disturbance criteria for silts using shear wave 
velocity similar to that developed for clays by Landon et al. (2007) and Donohue and 
Long (2010). However, in the case of the soils tested in this research sample disturbance 
has changed the behavior from contractive to dilative or for those samples that were 
already dilative in the undisturbed that (e.g., the OCR = 3.6 samples) disturbance 
changed their behavior to a much more rapid dilative response during shear. In either 
case the outcome would result in selection of unconservative shear strength values for 
design which is completely opposite of that for medium to low OCR clays for which 
disturbance results in selection of lower than actual shear strength. It is interesting to note 
that there is a trend of increasing Vvh,p-ISA/Vvh,0 with increasing e/e0 as presented in Table 
4.4 and plotted in Figure 4.17b. This provides partial confirmation of the Figure 4 
framework which hypothesizes that a Vvh value after reconsolidation that plots between 
points 0-B (i.e., Vvh,p-ISA/Vvh,0  > 1) indicates densification disturbance for non-cemented 
silts. However, while all but one of the 85S15K and Dedham Silt values have Vvh,p-
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ISA/Vvh,0  > 1 (with range 0.98 to 1.03) the differences are numerically very small and not 
enough to define a robust sample quality criteria. More research needs to be conducted on 
loose silts that densify during sampling disturbance and also silts that have some degree 
of cementation that is destructured during sampling. From a design perspective the 
former case is considered more critical given that disturbance can change the true 
behavior from contractive to dilative. 
4.6 Summary and Conclusions 
The objective of the research presented in this paper was to investigate the 
efficacy of the Hight (1988) Vvh-'s2 framework as a means for evaluating the influence 
of tube sampling disturbance on low plasticity to non-plastic silts. Tube sampling 
disturbance was performed on three different reconstituted soils of PI = 16 (50S50K) that 
served as a reference low plasticity clay, PI = 4 clayey-silt (85S15K) and non-plastic 
Dedham Silt using the Ideal Sampling Approach (ISA) with a triaxial stress path cell 
system equipped with bender elements. The Gvh/e-m and Vvh versus 'v'h relationships for 
each soil were determined from K0 consolidated testing and served as the backbone 
curves for each soil (Figure 4.6). The most significant impact of the ISA simulation of 
tube sampling was the very large reduction in mean stress (p') for the 85S15K and 
Dedham Silt samples (Figure 4.8). This corresponded to a large decrease in Gvh and Vvh 
but those decreases mostly followed each soil's backbone curve (Figures 4.9 to 4.12) 
suggesting little to no destructuring occurred which is consistent with the young 
reconstituted condition of the test soils. This is in contrast to the Gloucester Leda clay 
which showed a reduction in Gvh and Vvh relative to the backbone curve after ISA 
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disturbance which is surmised to reflect partial destructuring of this sensitive clay. Post 
ISA reconsolidation to the pre-ISA effective stress state fully recovered Gvh and Vvh 
values although there is a subtle but perhaps telling trend of the post ISA ratios Vvh,p-
ISA/Vvh,0  being greater than one for the 85S15K and Dedham Silt, which was not the case 
of the 50S50K and Gloucester Leda clay samples (Figure 4.18). For the 85S15K and 
Dedham Silt the subsequent undrained shear response for the disturbed samples exhibited 
dilative behavior which was completely different than the contractive behavior of the 
reference undisturbed samples. Collectively, the results suggest it may be possible to use 
the Gvh or Vvh – 'v'h framework as a foundation for creating a sample quality criteria for 
silts (Figure 4.4). Certainly the large reduction in Gvh or Vvh values after ISA disturbance 
could be considered as a marker of sample disturbance. For example, for the PI = 4 
85S15K, OCR = 1.8 and ±1% ISA specimen underwent only a 2.2% change in void ratio 
(e/e0) during reconsolidation to the pre-ISA effective stress state whereas Vvh reduced 
by 47% relative to the pre-ISA value. More research is needed on loose silts that densify 
during sampling disturbance and also silts that have some degree of cementation that is 
destructured during sampling. 
4.7 Acknowledgements 
This study was primarily supported by the US National Science Foundation 
(NSF) under Grant No. CMMI-1436617 and CMMI-1436793. Any opinions, findings, 
and conclusions or recommendations expressed in this paper are those of the authors and 
do not necessarily reflect the views of the NSF. The Authors thank Sean Salazar and 
90 
 
Richard Coffman, University of Arkansas, for their advice in constructing the triaxial cell 
bender elements. 
  
91 
 
Table 4.1: Properties for the three reconstituted test soils 
Soil 50S50K 85S15K Dedham Silt 
LL (%) 31 20 19 
PI (%) 16 4 NP 
% Silt 50 66 94 
% Clay 38 13 6 
USCS CL ML-CL ML 
KNC (-) 0.59 0.52 0.56 
K1.8 (-) 0.73 0.61 0.72 
K3.6 (-) 0.98 0.96 0.97 
K7.2 (-) 1.33 1.34 1.31 
'mo,TC. (°) 26 36 35 
'mo,TE. (°) 29 40 35 
Notes: % clay = % < 0.002 mm 
          USCS = Unified Soil Classification System 
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Table 4.2: Loading schedules for triaxial consolidation testing for shear wave framework 
development. 
Loading 
Step 
Loading/ 
Unloading 
Target 
σ′v 
(kPa) 
Strain 
Rate 
(%/hr) 
Target 
OCR 
(-) 
Target 
K0 
(-) 
50S50K 85S15K Dedham 
1 Loading 100 0.2 1 -- 0.51 0.56 
2 Unloading 20 0.1 5 -- 1.12 1.14 
3 Loading 200 0.2 1 0.56 0.51 0.56 
4 Unloading 25 0.1 8 1.40 1.41 1.40 
5 Loading 400 0.2 1 0.56 0.51 0.56 
6 Unloading 50 0.1 8 1.40 1.41 1.40 
7 Loading 600 0.2 1 0.56 0.51 0.56 
Note: The 50S50K cakes were consolidated to 200 kPa so no 100 kPa unload was 
performed. 
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Table 4.3: Shear Wave Framework Parameters from Equation 4.3 
Soil n m Svh n* 
50S50K 0.226 1.53 4.24 0.218 
85S15K 0.249 1.52 1.99 0.248 
Dedham 
Silt 0.246 2.35 1.44 0.244 
Troll Clay 0.130 4.09 31.5 0.137 
Gloucester 
Leda Clay 0.039 1.39 18.9 0.033 
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Table 4.4: Shear wave velocity values for pre-ISA (Vvh,0), end of ISA (Vvh,ISA), and after 
post-ISA (Vvh,p-ISA) reconsolidation and post-ISA reconsolidation Δe/e0 values 
Soil OCR ISA (%) 
Vvh,0 
(m/s) 
Vvh,ISA 
(m/s) 
Vvh,0/ 
Vvh,ISA 
 
Vvh,p-ISA 
(m/s) 
Vvh,p-ISA/ 
Vvh,0 
 
e/e0 
50S50K 
1.8 ±1 206 177 0.86 206 1.00 0.007 ±3 205 145 0.71 203 0.99 0.030 
3.6 ±1 185 169 0.91 185 1.00 0.002 ±3 180 145 0.80 180 1.00 0.010 
85S15K 
1.8 ±1 155 82 0.53 159 1.03 0.022 ±3 153 56 0.37 158 1.03 0.057 
3.6 ±1 140 91 0.65 142 1.01 0.011 ±3 137 60 0.43 141 1.02 0.047 
Dedham 
1.8 ±1 176 88 0.50 178 1.01 0.023 ±3 178 51 0.28 181 1.01 0.061 
3.6 ±1 157 104 0.66 154 0.98 0.014 ±3 157 37 0.24 n/a n/a 0.046 
Gloucester CAUC ±1 69 60 0.87 66 0.96 0.005 ±3 65 50 0.77 63 0.97 0.014 
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Figure 4.3: Data collected during triaxial K0 consolidation loading and unloading for the 
soft offshore Troll clay: a) shear wave velocity Vvh versus stress state 'v'h, b) small 
strain shear modulus Gvh and Gvh/F(e) versus stress state (data from Jones 2009). 
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Figure 4.5: Example bender element traces and methodology for selection of travel time 
t using first zero crossover method. 
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Figure 4.6: Development of shear wave framework for all three test soils: (a) shear wave 
velocity Vvh during K0 consolidation loading and unloading, and data for determination of 
Equation 4.3 parameters (b) n, (c) m, and (d) Svh and confirmation of n. 
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Figure 4.7: Reference undisturbed undrained shear behavior with shear stress (q) and 
shear induced pore pressure (u) versus strain and effective stress path for OCRs = 1.8 
and 3.6: (a), (d), (g) 50S50K soil; (b), (e), (h) 85S15K soil; (c), (f), (i) Dedham Silt. 
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Figure 4.8: Shear stress (q), shear induced pore pressure (u), and effective stress path 
during ±3% ISA straining for OCRs = 1.8 and 3.6: (a), (d), (g) 50S50K soil; (b), (e), (h) 
85S15K soil; (c), (f), (i) Dedham Silt. 
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Figure 4.9: Backbone curve of Gvh/e-m versus 'v'h and pre-ISA, end of ISA, and post-
ISA (shaded symbols) data from ±3% ISA tests with OCR = 1.8 and 3.6: a) 50S50K, b) 
85S15K, and c) Dedham Silt 
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Figure 4.10: Backbone curve of Vvh versus 'v'h and pre-ISA, end of ISA, and post-ISA 
(shaded symbols) data from ±3% ISA tests with OCR = 1.8 and 3.6: a) 50S50K, b) 
85S15K, and c) Dedham Silt 
0
50
100
150
200
250 Backbone curveOCR = 1.8
OCR = 1.8 Post-ISA
OCR = 3.6
OCR = 3.6 Post-ISA
a) 50S50K
V v
h 
(m
/s)
0
50
100
150
200
b) 85S15K
'v'h (kPa)2
101 102 103 104 105
0
50
100
150
200
250
c) Dedham Silt
End ISA
End ISA
End ISA
105 
 
 
Figure 4.11: Evolution of shear wave velocity Vvh at various ISA test stages: a) 50S50K, 
b) 85S15K, and c) Dedham Silt (eoBP = end of back pressure, Vvh,0 = pre-ISA, Vvh,ISA = 
end of ISA, and Vvh,p-ISA = after post ISA reconsolidation). 
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Figure 4.12: Ratios of Vvh for all ISA tests of: a) end of ISA Vvh,ISA to the pre-ISA Vvh,0 
and b) after post-ISA reconsolidation Vvh,p-ISA to Vvh,0. 
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Figure 4.13: Shear stress (q), shear induced pore pressure (u), and effective stress path 
during undrained shear for OCR = 1.8 reference undisturbed, ±1% ISA, and ±3% ISA 
specimens: (a), (d), (g) 50S50K soil; (b), (e), (h) 85S15K soil; (c), (f), (i) Dedham Silt. 
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Figure 4.14: Shear stress (q), shear induced pore pressure (u), and effective stress path 
during undrained shear for OCR = 3.6 reference undisturbed, ±1% ISA, and ±3% ISA 
specimens: (a), (d), (g) 50S50K soil; (b), (e), (h) 85S15K soil; (c), (f), (i) Dedham Silt. 
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Figure 4.15: Backbone curves of a) Gvh/e-m and b) Vvh versus 'v'h and pre-ISA, end of 
ISA, and post-ISA (shaded symbols) data from ±1% and ±3% ISA tests on block sample 
of Gloucester Leda clay. 
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Figure 4.16: Gloucester Leda clay ISA tests: pre-ISA Vvh,0, end of ISA Vvh,ISA and after 
post-ISA reconsolidation Vvh,p-ISA normalized by end of back pressure (eoBP) value. 
Test Phase
eoB
P
Vvh
,0
Vvh
,ISA
Vvh
,p-I
SA
V v
h,
0, 
V v
h,
IS
A a
nd
 V
vh
,p
-IS
A n
or
m
al
ize
d 
by
 V
vh
,e
oB
P 
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.0 ISA
3.0 ISA
Undisturbed
111 
 
 
Figure 4.17: Undrained shear behavior of the Gloucester Leda clay for undisturbed and 
after reconsolidation for the ±1% and ±3% ISA test specimens. 
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Figure 4.18: Ratios of Vvh versus reconsolidation change in void ratio e/e0 for a) end of 
ISA to pre-ISA Vvh,ISA/Vvh,0 and b) after post-ISA reconsolidation Vvh,p-ISA to Vvh,0. 
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CHAPTER 5 
 IMPACT OF DRAINAGE DURING SAMPLING OF INTERMEDIATE 
SOILS 
This paper presents a laboratory investigation of the influence of simulated tube 
sampling disturbance on lightly overconsolidated intermediate soils by varying their 
plasticity, degree of sampling disturbance, and drainage conditions during sampling. 
Samples consisting of varying proportions of kaolin and silica silt to result in three 
plasticity indices of nonplastic, 4, and 16% were mixed as a slurry and then consolidated 
to the pre-designed overconsolidation ratios (OCRs). All specimens were tested in a 
stress-path triaxial cell using the ideal sampling approach (ISA) that involved applying 
both drained and undrained shearing with strain cycles of ±0.5%, ±1.0%, and ±3.0% 
corresponding to three different degrees of tube sampling disturbance. Both undrained 
and drained disturbance increased the strength of the intermediate soils tested, however 
the drained soils exhibited an even stiffer response. The drained tests had little 
reconsolidation strain, implying clay-based sample quality assessment methods do not 
apply. 
5.1 Introduction 
Baligh et al. (1987) developed the Ideal Sampling Approach (ISA) to numerically 
study the stress-strain-pore pressure field generated in clay soils during tube sampling. 
The results showed that during tube penetration a centerline element of soil to be sampled 
is subjected to an undrained strain cycle consisting of 1) a compressive strain of 
magnitude εzz ahead of the sampler, 2) an extension strain of magnitude -εzz once the soil 
has entered the sampler and 3) an unloading strain back to zero percent strain as the soil 
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moves farther into the sampler (Figure 5.1). Different peak strains, and thus varying 
degrees of disturbance, are induced in the soil by samplers of different geometries. This 
numerical framework has been used as a basis for conducting laboratory element tests to 
simulate the effects of tube sampling in clays (e.g., Clayton et al. 1992, Siddique et al. 
1999, Santagata and Germaine 2002), Irish silts (Carroll and Long 2017), and 
reconstituted low plasticity index (PI < 10) silts (Lukas et al. 2018). Results from the clay 
studies led to recommendations on tube sample geometry to improve sample quality (e.g., 
Hight 2003, Ladd and DeGroot 2003). 
All published results from ISA testing involved performing the ISA strain cycles 
undrained which is considered to well represent tube sampling in clays. However, for 
intermediate soils such as silts, clayey silts, and sandy silts with decreasing plasticity and 
decreasing clay fraction it is possible that drainage may occur in situ during and after 
tube penetration. If such were the case it could have a significant impact soil properties 
such as void ratio, laboratory measured shear behavior, and evaluation of sample quality. 
This paper presents results from an experimental program using a triaxial stress path cell 
to compare the effect of performing ISA simulation of tube sampling undrained versus 
drained on a low plasticity intermediate soil. 
5.2 Methods 
5.2.1 Sample Preparation 
Three different mixtures of silica silt (US-Sil-Co-Sil 250) and kaolin clay (Old 
Hickory, No.1 Glaze) were used to create synthetic soils of varying properties. The 
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mixtures were 50S50K (e.g. 50% silt and 50% kaolin by dry mass), 85S15K, and 
98S02K. Table 5.1 presents a summary of the index properties for the three mixtures. The 
50S50K mix was prepared to represent a reference low plasticity clay (PI = 16), while the 
85S15K mix represented a low plasticity (PI = 4) clayey-silt and the 98S02K mix 
represented a non-plastic (NP) silt. The 50S50K mixture had sufficient clay content to 
enable free-standing specimens and a slurry consolidometer was used to make a soil cake 
from which four specimens could be trimmed. The 85S15K and 98S02K specimens were 
prepared individually using a vacuum split mould similar to Wang et al. (2011). 
5.2.2 Triaxial Undrained and Drained ISA Testing 
After mounting in the triaxial testing apparatus the specimens were backpressured 
at 300 kPa until saturated (B-value > 0.95 within 5 minutes of increasing the cell pressure 
50 kPa). The reference "undisturbed" 50S50K and 85S15K specimens were K0 
consolidated (CK0) to a maximum vertical effective stress ('v) of 400 kPa and unloaded 
to 222 kPa resulting in an overconsolidation ratio (OCR) equal to 1.8.  The 98S02K 
reference undisturbed specimen was anisotropically consolidated (CA) to the same 
maximum 'v and final OCR using K0 values estimated from the measured triaxial 
compression effective stress friction angle angle (′mo) taken at the maximum obliquity 
(σ′1/σ′3)max and the Mesri and Hayat (1993) relationship among K0, 'mo and OCR. For all 
tests loading and unloading during consolidation were performed at axial strain rates of 
0.2%/hr and 0.05%/hr, respectively. Undrained shear in compression loading (CAUC), 
i.e. increasing vertical stress (σv) at constant horizontal stress (σh), and extension 
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unloading (CAUE), i.e., decreasing v at constant h, were performed at an axial strain 
rate of 0.5%/hr. 
All ISA tests were anisotropically consolidated using the same vertical stress, 
OCR and K0 values as the reference undisturbed tests (Table 5.1). The ISA strain cycle 
was performed strain controlled and either undrained or drained and with peak ISA 
strains of either ±0.5%, ±1.0%, or ±3.0% representing different levels of tube sampling 
disturbance. Following the ISA strain cycle the deviator stress was removed to an 
isotropic stress state by decreasing σv at constant σh until σv ≈ σh to complete the ISA 
simulation of tube sampling. While it is possible that tube sampling and handing could be 
partially drained, the drained ISA tests were performed fully drained to represent the 
extreme condition of potential drainage due to sampling. Upon completion of the ISA 
strain cycle, specimens were anisotropically reconsolidated from their post-ISA stress 
state to the pre-ISA state with 'v equal to 222 kPa and 'h set to the OCR = 1.8 K0 value 
and sheared undrained in triaxial compression. Drained ISA shearing was performed at 
strain rates of 0.25%/hr for the 50S50K specimens and 1.0%/hr for the 85S15K and 
98S02K specimens. Undrained ISA shearing and final undrained shear for all specimens 
was performed at a strain rate of 0.5%/hr. Lukas et al. (2018) presents more details on the 
methods of specimen preparation, test procedures and the undrained ISA test results. 
117 
 
5.3 Results 
5.3.1 Reference Undisturbed Shear Behavior 
Figures 5.2 and 5.3 present the reference undisturbed undrained shear in 
compression loading (CAUC) and extension unloading (CAUE) of the three soils and 
Table 5.1 presents the undrained shear parameters. The 98S02K specimen exhibits 
dilative behavior during undrained compression shear almost immediately, while the 
85S15K and 50S50K both exhibit post-peak contractive behavior (Figure 5.2). At large 
strains, the 85S15K specimen begins to exhibit dilative behavior. During the triaxial 
extension unloading tests the 50S50K specimen developed negative shear induced pore 
pressure while the 85S15K and 98S02K specimens developed positive shear induced 
pore pressure throughout shear (Figure 5.3). The CAUC results are used as the frame of 
reference (i.e., "undisturbed") for investigating the influence of ISA simulation of tube 
sampling on the undrained shear behavior of the soil mixtures. While the CAUC and 
CAUE failure envelopes represent the limiting stress states during ISA testing. 
5.3.2 Undrained and Drained ISA Shearing 
Figure 5.4 presents the stress-strain and effectives stress path plots for the 
reference undisturbed and the undrained and drained ISA tests with ±3.0% strain for the 
three soils. The compression and extension failure envelopes plotted in Figure 5.4 
represent the effective stress friction angles (Table 5.1) at the maximum obliquity 
('1/'3)max as measured in triaxial compression (CAUC) and triaxial extension (CAUE). 
Up to a compressive strain of 3% the undrained ISA test is identical to the reference 
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undisturbed CAUC test, as should be expected. Upon reversal of the ISA strain to 
extension the specimens undergo significant loss of mean effectives stress (p' = ('v + 
'h)/2) and in the case of the 85S15K and 98S02K specimens the effective stress path 
essentially reaches the extension failure envelope. At completion of the ISA process the 
normalized mean effective stresses reduced to p'/p'c equal to 0.70 (50S50K), 0.97 
(85S15K) and 0.98 (98S02K).  
For drained ISA testing the effective stress path follows a prescribed 45 degree 
line in q-p' space as the ISA loading is conducted by either increasing or decreasing v at 
constant h and no pore pressures are generated. Drained ISA results in a slightly stiffer 
response for the 50S50K specimen and a much stiffer, strain hardening, response for the 
85S15K specimen, which is completely different than the strain softening response 
during undrained ISA testing. During the extension phase of both the undrained and 
drained ± 3% ISA tests conducted on the 85S15K specimen the effective stress paths 
reach the extension failure envelope prior to reversal of the strain cycle, albeit at very 
different p' values. The stress-strain curves are essentially identical for the drained and 
undrained ± 3% ISA tests performed on the 98S02K specimens, with significant dilative 
behavior. However, upon completion of the ISA strain cycle the undrained ISA specimen 
ends up at a markedly lower p' stress state. 
5.3.3 Post-ISA Reconsolidation and Undrained Shear 
Table 5.2 and Figure 5.5 present the normalized change in void ratio Δe/e0 during 
drained ISA testing (equal to zero for undrained ISA) and during post-ISA 
reconsolidation back to the pre-ISA consolidation stress state (i.e., 'v = 222 kPa). The e0 
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value used for the ISA phase of the drained ISA tests and for the reconsolidation phase of 
the undrained ISA tests is the value at the end of consolidation prior to ISA shearing. The 
e0 value used for the reconsolidation phase of the drained ISA tests is that at the end of 
drained ISA shearing. Also presented are the void ratios at the end of post-ISA 
reconsolidation (ec) and just prior to the final undrained compression shear. In all cases 
e/e0 increased with an increase in ISA strain level, whether the ISA shearing was 
conducted undrained or drained, reflecting the increasing damage caused to the 
specimens with increasing simulation of tube sample disturbance. However, for a given 
soil and ISA strain level, the drained ISA tests underwent a greater to much greater total 
reduction in void ratio with essentially all the reduction taking place during the drained 
ISA phase with little to no additional void ratio reduction during post-ISA 
reconsolidation to the pre-ISA stress state. 
Figure 5.6 presents the deviator stress q, the shear induced pore pressure Δu, and 
undrained secant stiffness E = q/a versus strain for the final undrained compression 
shear for the reference undisturbed tests and both the drained and undrained ±1.0% and 
±3.0% ISA tests; the ±0.5% tests were omitted for clarity. Figure 5.7 presents the 
effective stress paths for all tests and in all cases the set of nine tests performed for each 
soil reach the same failure envelope for a given soil and depending on the soil and 
specific test conditions either strain soften down the failure envelope (i.e., contractive 
behavior) or strain harden up the failure envelope (i.e., dilative behavior). For the 
50S50K tests there is little difference among the tests performed with ±0.5% ISA and 
also ±1% ISA. For the ±3% ISA tests, both the undrained and drained ISA specimens 
initially have a greater rate of positive pore pressure development and a corresponding 
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lower rate of shear stress development relative to the undisturbed test. This results in the 
effective stress path for the two ISA tests migrating to the left of that for the undisturbed 
test (Figure 5.7). However, upon continued shearing the undisturbed specimen starts to 
strain-soften and develop greater positive pore pressure while the ISA specimens reach a 
maximum shear stress that is maintained with continued shearing. Overall, for the 
50S50K soil there is little practical difference in the undrained shear behavior whether 
the ISA straining was performed undrained or drained and for all ISA values. 
The 85S15K specimens show a marked difference in behavior between the 
reference undisturbed test and the ISA tests, especially for the ±1% and ±3% ISA tests. 
Just ±0.5% ISA straining, whether undrained or drained, changes the disturbed shear 
behavior from contractive to dilative and for the ±1% and ±3% ISA tests the shear 
behavior is completely different than the reference undisturbed specimen (Figures 5.6 and 
5.7). In comparing undrained and drained ISA behavior, there is little difference between 
the ±0.5% and ±1% ISA tests while for the ±3% ISA tests, the drained ISA specimen has 
a significantly greater rate of increase in shear stress such that at 10% axial strain the 
shear stress is 50% greater. This corresponds to the significant differences in pore 
pressure response with the drained ISA specimen developing negative shear induced pore 
pressure beyond 5% axial strain while the undrained ISA specimen pore pressure remains 
positive. It is likely that this difference in behavior is due to the greater total volume 
change taking place during the ISA and reconsolidation phases for the drained test.  
The reference undisturbed 98S02K specimen and all of the disturbed ISA 
specimens exhibit a small initial contractive response quickly followed by a reverse to 
dilative behavior with development of negative shear induced pore pressure (Figures 5.6 
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and 5.7). There are marked differences in the shear stress-strain response with the 
reference undisturbed test having the stiffest behavior initially but then all of the ISA 
specimens develop much greater rate of shear stress increase with increasing strain. In 
stress path space, all of the specimens follow the same effective stress path. Comparing 
the undrained and drained ISA tests, the undrained ±1.0% ISA test has higher q and 
lower Δu during shear than the drained ±1.0% ISA, which was not the case for the 
50S50K and 85S15K soils. The ±3.0% ISA test follows the pattern found for the other 
soils with the drained ISA specimen developing greater shear stress and less u than the 
undrained ISA specimen. 
For all three soils there was a decrease in the secant stiffness E = Δq/ɛ with 
disturbance however by approximately 1.5% strain all tests converge to the undisturbed E 
value (Figure 5.6). For the 50S50K and 98S02K tests E decreased with increasing ɛzz. For 
the 50S50K tests both drained and undrained ISA had similar decreases for a given ɛzz 
while for the 98S02K tests the drained ISA tests had lower E values. For the 85S15K 
there was no trend in the decrease in E for ɛzz or drainage during ISA, with the drained ɛzz 
= 3.0 test showing the smallest decrease in E. 
5.4 Discussion 
Overall, the difference in the undrained shear behavior across all of the reference 
undisturbed specimens and the disturbed ISA tests, whether conducted undrained or 
drained, ranges from minor (e.g., 50S50K with ±1% ISA) to very significant (e.g., 
85S15K with ±3% ISA). In the case of the 85S15K specimens, the undrained shear 
behavior changes completely from contractive behavior for the reference undisturbed 
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specimen with a clear peak shear strength followed by straining softening to dilative 
behavior with continuous strain hardening for the disturbed ISA specimens. 
The main difference in shear behavior between undrained and drained ISA is that 
the latter specimens tended to have greater strain hardening response which can be of 
consequence depending on how a representative undrained shear strength (su) is selected 
for design. For example, Brandon et al. (2006) proposed several options for selecting su 
for a soil exhibiting dilative behavior including qmax, the peak principal stress ratio 
((σʹ1/σʹ3)max), Δumax, Skempton's Ā parameter = 0, reaching the Kf line, and a limiting 
strain of 4%. Figures 5.8 and 5.9 apply these criteria to the 85S15K and 98S02K 
specimens for the reference undisturbed tests, the ± 3% undrained ISA tests and for the ± 
3% drained ISA tests and Table 5.3 and presents su and strain at failure (εf) for all tests. 
None of 50S50K tests and only the 85S15K test with ±3.0% ISA reached the Ā = 0 line. 
For the 85S15K and 98S02K tests qmax was at the end of the test with the exception of the 
undisturbed 85S15K test.  
All of the Brandon et al. (2006) failure criteria for the 50S50K and 85S15K tests 
result in higher su than the reference undisturbed specimens. For the 50S50K tests this is 
in contrast to the findings of sample disturbance on natural clay specimens (e.g., Lunne et 
al. 2006) which showed generally decreasing shear strength with disturbance. The loss of 
strength for natural soils was attributed to destructuration of the soil and not 
densification, while for these tests, given the soils are young, unstructured soils, the 
disturbance evidently results in densification and increased shear strength. For the 
85S15K tests su increased and ɛf decreased with increasing disturbance. For the ɛzz = 0.5% 
tests there was little difference between the drained and undrained su values, however for 
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ɛzz = 1.0 and 3.0% the drained su values were greater than those of the undrained by 21% 
and 67% of the undisturbed strength, respectively.  For the 98S02K tests su both 
decreased and increased with disturbance and neither the drained or undrained tests were 
consistently larger; however as Table 5.3 shows ɛf decreased with disturbance for all tests 
and failure criteria (with the exception of ɛf = 4%). These results for all tests reflect the 
increased stiffness of the soil due to densification during sampling disturbance which is 
especially clear in the ɛf = 4% values.  
The essentially zero e/e0 during reconsolidation for all the drained ISA tests on 
these low OCR soils implies an excellent quality sample based on the notion of sampling 
being an undrained process for fine grained soils. The lower the change in void ratio 
during laboratory reconsolidation to the in situ effective stress state the better the quality 
of the sample (and assuming no swelling was allowed to occur during any stage of the 
test). While no quantitative sample quality criterion exists for low plasticity and non-
plastic intermediate soils it is nevertheless interesting to note for comparative purposes 
the sample qualities using the clay based e/e0 criterion of Lunne et al. (2006) which was 
developed for clay soils with a PI range of 6% to 43%. The undrained ±3% ISA 
specimens would be rated as very good to excellent (e/e0 < 0.04, highest rating out of 
four) for the 50S50K specimen and fair to good (0.04 < e/e0 < 0.07; second highest 
rating) for both the 85S15K and 98S02K specimens. In the case of all the drained ISA 
tests the near zero post-ISA reconsolidation Δe/e0 values (0.001 to 0.002) would rate the 
samples as very good to excellent even though in the case of the 85S15K specimens the 
undrained shear behavior differs significantly from the reference undisturbed behavior. 
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Indeed, Carroll (2013) and Carroll and Long (2017) provide indirect evidence of 
the challenge in assessing the quality of silts that may have densified during sampling. 
Various type of tube samples of a non-plastic (PI = 0) silt were sampled from a highway 
construction site in Ireland for which piezocone tests indicated that the deposit was loose 
to very loose. Thick walled blunt angled, British U100 sampling tubes, which are well 
known to produce poor-quality samples in clays (e.g., Hight and Leroueil 2003), 
nevertheless produced "excellent" quality samples based on the Δe/e0 criterion. It was, 
however, concluded that the low Δe/e0 values actually resulted from significant 
disturbance (densification) occurring during sampling and that the measured modulus and 
undrained shear strength for those samples were too high for the proposed design 
(underconservative). 
5.5 Conclusions 
The major difference in undrained shear after sampling disturbance simulation 
using undrained or drained ISA is the soil stiffness/rate of strain hardening. Undrained 
ISA testing on intermediate soils tested results in the loss of  a peak strength at low strain 
followed by strain softening, increased tendency to dilative behavior, increased soil 
stiffness and an increase in the rate of strain hardening. These problems are exacerbated 
when ISA is performed drained, which is possible for standard tube sampling of silts 
(Carroll and Long, 2017). This in turn has an important effect on the selection of the 
undrained shear strength for intermediate soils depending on which criteria is used.  
The most significant outcome of the results comparing undrained and drained ISA 
is that little to no volume change occurred during reconsolidation for all drained ISA tests 
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which, if using clay-based sample quality assessment methods implies a good to excellent 
quality sample.  
This result is most significant for the 85S15K specimens because while the post-
ISA undrained shear behavior for the drained and undrained ISA are largely similar, the 
e/e0 for the drained test is almost zero, suggesting a near perfect sample even through 
the behavior is completely different than the undisturbed specimen, especially for ɛzz = 
1.0 and 3.0%.  
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Table 5.1: Summary of index and undisturbed shear parameters of the three soil mixtures 
(Lukas et al. 2018) 
Soil 50S50K 85S15K 98S02K 
LL (%) 31 20 18 
PI (%) 16 4 NP 
% Silt 50 66 71 
% Clay 38 13 3.5 
USCS CL ML-CL ML 
K0,NC (-) 0.59 0.52 0.36 
Kc (-) @ OCR = 1.8 0.73 0.61 0.51 
wc (%) 23 24 25 
ec (-) 0.630 0.671 0.680 
qf (kPa) 90 102 380* 
f (%) 0.92 0.48 15 
CAUC ('1/'3)max (-) 2.60 3.96 4.71 
'mo,TC. (°) 26 36 40 
'mo,TE. (°) 29 40 44 
Note:  - USCS = Unified Soil Classification System: CL = 
low plasticity clay, ML = low plasticity silt 
- *The 98S02K test dilated and did not fail. The 
values given are from the end of the test. 
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Table 5.2: Normalized change in void ratio Δe/e0 for drained ISA and post ISA 
reconsolidation 
Soil 
ISA 
εzz 
(%) 
Undrained ISA Drained ISA 
Post-ISA 
Δe/e0:(-) 
ec, pre-ISA 
ec, post-ISA 
ISA 
Δe/e0:(-) 
Post-ISA 
Δe/e0:(-) 
Total 
Δe/e0:(-) 
ec, pre-ISA 
ec, post-ISA 
50S50K 
  
0.5 0.003 0.625 0.625 -0.001 0.001 0.000 
0.618 
0.621 
1.0 0.007 0.616 0.611 0.008 0.001 0.009 
0.615 
0.610 
3.0 0.030 0.603 0.582 0.041 0.002 0.043 
0.630 
0.599 
85S15K 
  
0.5 0.002 0.659 0.654 0.015 0.001 0.016 
0.610 
0.603 
1.0 0.022 0.612 0.598 0.036 0.002 0.038 
0.612 
0.595 
3.0 0.057 0.626 0.591 0.087 0.001 0.088 
0.646 
0.587 
98S02K 
0.5 0.009 0.675 0.667 0.012 0.001 0.013 
0.688 
0.680 
1.0 0.017 0.659 0.648 0.033 0.002 0.035 
0.710 
0.690 
3.0 0.045 0.671 0.641 0.070 0.002 0.072 
0.644 
0.596 
128 
 
Table 5.3: Summary of failure criteria determinations for all tests. 
Soil Test Type 
(σ1-σ3)max (σ'1/σ'3)max umax Kf line Ā = 0 εf = 4.0% 
Average 
Increase 
qf (kPa) εf (%) 
qf (kPa) εf (%) 
qf (kPa) εf (%) 
qf (kPa) εf (%) 
qf (kPa) εf (%) 
qf (kPa) (%) 
50S50K 
Undisturbed 90 0.92 78 8.48 70 14.70 80 6.70 ‐  ‐  84 - 
±0.5% ISAU 92 1.69 85 7.11 74 15.44 89 4.26 ‐  ‐  89 6.8 
±0.5% ISAD 90 1.55 80 8.76 72 14.88 85 5.24 ‐  ‐  87 3.0 
±1.0% ISAU 86 2.76 81 7.53 72 14.96 85 4.40 ‐  ‐  85 1.9 
±1.0% ISAD 94 2.56 88 7.43 81 11.78 94 3.27 ‐  ‐  93 12 
±3.0% ISAU 100 5.19 99 5.04 84 1.74 88 2.03 ‐  ‐  99 17 
±3.0% ISAD 106 6.46 106 5.45 84 1.94 99 3.33 ‐  ‐  102 24 
85S15K 
Undisturbed 102 0.47 78 8.95 77 7.45 77 4.17 ‐  ‐  78 - 
±0.5% ISAU 116 10 114 8.83 104 4.90 105 5.20 ‐  ‐  101 32 
±0.5% ISAD 109 10 105 7.79 102 5.88 101 4.83 ‐  ‐  101 27 
±1.0% ISAU 128 10 125 8.33 115 4.52 113 3.74 ‐  ‐  113 45 
±1.0% ISAD 152 10 145 8.00 120 3.03 131 5.03 ‐  ‐  125 64 
±3.0% ISAU 187 10 162 6.23 100 1.49 116 2.40 199 12.65 138 69 
±3.0% ISAD 280 10 234 6.55 118 1.57 175 3.74 200 4.80 177 136 
98S02K 
Undisturbed 352 10 288 7.21 157 1.33 275 6.66 197 3.23 214 - 
±0.5% ISAU 363 10 301 6.66 124 0.50 249 4.39 198 2.42 239 -2 
±0.5% ISAD 340 10 282 6.57 101 0.33 238 4.64 152 1.22 224 -12 
±1.0% ISAU 496 10 370 6.50 102 0.39 230 2.95 153 1.20 271 4 
±1.0% ISAD 347 8.36 316 7.11 94 0.42 280 5.71 130 1.04 234 -9 
±3.0% ISAU 563 8.89 402 5.99 106 0.73 310 4.44 186 2.26 284 18 
±3.0% ISAD 595 8.07 476 6.38 100 0.88 407 5.48 168 2.13 297 28 
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Figure 5.2: Undisturbed CAUC behavior of three soil mixtures tested: a) stress-strain, b) 
shear induced pore pressure, and c) effective stress paths. 
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Figure 5.3: Undisturbed CAUE behavior of three soil mixtures tested: a) stress-strain, b) 
shear induced pore pressure, and c) effective stress paths. 
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Figure 5.4: Stress-strain plots (left) and effective stress paths (right) for undisturbed, ± 
3% undrained ISA, and ± 3% drained ISA tests performed on soil mixes: a) 50S50K, b) 
85S15K, and c) 98S02K. 
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Figure 5.5: Summary of Δe/e0 during ISA and post-ISA reconsolidation: a) undrained 
ISA and b) drained ISA. Red symbols are post undrained ISA reconsolidation, white are 
post drained ISA reconsolidation, and black are both drained ISA and post drained ISA 
reconsolidation. 
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Figure 5.6: Comparison of post-ISA undrained shear behavior for both drained and 
undrained  ISA tests with ±1.0% and ±3.0 strain cycles for each soil: a), b) and c) stress-
strain; d), e) and f) shear induced pore pressure, and g), h) and i) secant stiffness. Note: 
the y-scales for plots (a) through (f) all differ. 
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Figure 5.7: Post-ISA undrained shear effective stress paths for undisturbed reference 
specimen (grey), undrained ISA specimens (red), and drained ISA specimens (black). 
0 100 200 300
0
100
200
300
0 100 200 300
0
100
200
300
p' (kPa)
0 100 200 300
0
100
200
300
0 100 200 300
0
100
200
300
Undisturbed
Undrained
Drained
0 100 200 300
q (
kP
a)
0
100
200
300
p' (kPa)
0 100 200 300
0
100
200
300
0 200 400 600
0
200
400
600
0 200 400 600
0
200
400
600
p' (kPa)
0 200 400 600
0
200
400
600
±0
.5%
±1
.0%
±3
.0%
50S50K 85S15K 98S02K
136 
 
 
Figure 5.8: Brandon et al. (2006) undrained shear strength definitions for 85S15K: a) 
reference undisturbed behavior (top row), b) undrained ± 3% ISA (middle row) and c) 
drained ± 3.0% ISA (bottom row). 
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Figure 5.9: Variation of Brandon et al. (2006) undrained shear strength definitions for 
98S02K a) reference undisturbed behavior (top row), b) undrained ± 3% ISA (middle 
row) and c) drained ± 3.0% ISA (bottom row). 
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CHAPTER 6 
 SUMMARY AND CONCLUSIONS 
The main objectives of this dissertation were to gain a better understanding of the 
response of intermediate soils to the soil sampling process and to test the efficacy of 
current sample quality assessment methods. The objectives were met through the research 
discussed through four chapters that present the results and analysis of an extensive 
laboratory testing program. A brief overview of the most important results of these 
chapters is presented below. 
Chapter 2 presented the results of a suite of sample disturbance tests performed on 
5 synthetic soils ranging in plasticity from low plasticity to nonplastic. Sampling 
disturbance was simulated using a triaxial stress path system. Testing showed that for the 
same level of sample disturbance, soils with lower plasticity have greater changes in the 
undrained shear behavior. Lower plasticity soils densify due to reconsolidation necessary 
due to the large losses of effective stress during sampling, resulting in dramatically 
different response to undrained shearing. In many cases the undisturbed contractive 
behavior completely changed to dilative behavior and would result in selection of 
unconservative strength values. However, the reconsolidation volume changes were very 
small relative to that common for disturbed clays and clay-based sample disturbance 
assessment methods rated the specimens as of high quality, meaning that such methods 
should not be used on intermediate soils. 
Chapter 3 presented the results of an investigation into the influence of sample 
stress history on the resilience of the sample to sampling disturbance. Samples of three 
different soils with four different stress histories, quantified by the overconsolidation 
ratio (OCR), each were subjected to the same amount of simulated tube sampling 
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disturbance using a  triaxial stress path system. Test results showed that soils with an 
increased OCR were more resilient to the effects of sampling disturbance; however the 
design strength for intermediate soils were still underconservative. SHANSEP 
recompression partially recovers the undisturbed behavior, however the disturbed 
specimen still exhibit a greater tendency to dilate during shear.  
Chapter 4 presented the results of a study to determine the efficacy of using a 
shear wave velocity stress state framework as a sample quality assessment method for 
intermediate soils. Bender elements were used to build the shear wave framework as well 
as track shear wave changes during sample disturbance simulation. Shear wave velocities 
for intermediate soils were found to be relatively independent of void ratio or density, but 
rather dependent on the stress state of the specimen. As a result specimen shear wave 
velocities decreased significantly for low PI soils tested during ISA disturbance due to 
the very large decrease in specimen effective stress state. However, Post-ISA 
reconsolidation to the pre-ISA effective stress state resulted in only a small reduction in 
void ratio but the subsequently measured undrained shear behavior was dramatically 
different than the reference undisturbed specimen behavior. It is concluded that the large 
reduction in shear wave velocity due to the ISA tube sample disturbance may provide a 
foundation for creating a sampling quality criteria for intermediate soils. 
Chapter 5 presented the results of a study on the different effects of drained and 
undrained tube sample disturbance simulation on intermediate soils. There was little 
difference between the post-disturbance undrained shear behavior for soils subjected to 
drained or undrained sample disturbance. The undrained tests generated significant shear 
induced pore pressures, which resulted in densification of the specimens during 
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consolidation across a large stress change. The drained tests densified during the 
sampling disturbance, resulting in negligible reconsolidation strains. The results further 
confirm that clay based sample quality assessment methods should not be used for 
intermediate soils. 
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